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[FIG. 16]
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BONDING-SUBSTRATE FABRICATION
METHOD, BONDING SUBSTRATE,
SUBSTRATE BONDING METHOD,

BONDING-SUBSTRATE FABRICATION

APPARATUS, AND SUBSTRATE ASSEMBLY

TECHNICAL FIELD

The present invention relates to a substrate bonding
technology for bonding together substrates (solid materials),
and particularly relates to a method for fabrication of a
bonding surface of a substrate to be bonded, a method for
bonding substrates, and a substrate assembly.

BACKGROUND ART

In the field of electronic components, for example, solid
materials are bonded together during water bonding wherein
s1licon substrates, substrates having an oxide layer or mitride
layer formed on a silicon or other substrate, or substrates of
glass material are bonded together, during bonding of metal
materials between electronic components in flip-chip pro-
cesses, and during package sealing when preparing MEMS
(Micro Electro Mechanical Systems).

When bonding substrates, it 1s common to raise the
strength of the bonding interface by heating to a high
temperature after contact to promote chemical reactions
between the bonding substrates and atomic diffusion in the
vicinity of the bonding interface (bonding with heat treat-
ment).

For example, 1n a method for bonding silicon waters, the
surfaces of silicon waters may be hydrophilized, the pair of
walers joined by a van der Waals force, then subjected to a
heat treatment at about 1000° C. to obtaimn a firm bond.
Additionally, 1n anodic bonding, silicon and heat-resistant
glass can be firmly bonded by applying a high voltage of 1
kV at 400° C.

However, bonding methods involving heat treatments are
limited by the types of substrates to which they can be
applied. In particular, when bonding together substrates of
different materials, the diflerences 1n the coeflicients of
thermal expansion between the materials may result in
increased residual thermal stresses and cause mechanical
damage to the bonded materials as the temperature falls to
room temperature (standard temperature), and as the
residual stress becomes higher, the bonded materials may be
destroyed. Additionally, bonding methods involving heat
treatments are dithicult to apply to bonding of components
having elements with low heat resistance and voltage resis-
tance, such as MEMS.

Standard-temperature bonding methods have been pro-
posed for performing substrate bonding at room tempera-
ture, 1n order to overcome the detrimental influence that
bonding methods involving heat treatments have on sub-
strate matenals. In this type of room temperature bonding
method, the substrate surface i1s treated to a surface treatment
such as cleaning or activation by irradiating the substrate
with a particle beam, and the surface-treated substrate sur-
faces are brought into contact 1n a vacuum at room tem-
perature for bonding.

Such standard temperature bonding methods extend the
types of substrate materials that can be applied compared to
bonding methods mvolving heat treatments, and have met
with a degree of success. However, substrate materials (e.g.,
silicon oxide, silicon nitride, aluminum oxide and some
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other ceramic materials) that are diflicult to apply to such
room temperature bonding methods are known, so improve-
ments are sought.

RELATED ART DOCUMENTS

Patent Documents

Patent Document 1: JP H10-92702 A

Patent Document 2: JP H06-099317 A
Patent Document 3: JP 2004-337927 A
Patent Document 4: JP 2007-324195 A
Patent Document 5: JP 2008-207221 A
Patent Document 6: JP 2010-046696 A

SUMMARY OF THE INVENTION

Problems to be Solved by the Invention

The present invention 1s an attempt to widen the range of
applications of substrate and respond to the need for an
improved substrate bonding technology by relaxing the
required bonding environment conditions.

Specifically, the present ivention has the purpose of
offering a method of fabricating a bonding surface that
ensures suilicient bonding strength 1rrespective of the type
of substrate material used.

Furthermore, the present invention has the purpose of
offering a bonding substrate fabricated with a bonding
surface having a suflicient bonding strength capability even
without being limited by the type of substrate matenal.
Similarly, 1t has the purpose of offering a substrate assembly
obtained by bonding such bonding substrates.

Furthermore, the present mvention has the purpose of
oflering an apparatus for fabricating bonding surfaces hav-
ing suilicient bonding strength potential, capable of being
applied to various types of substrates.

Means for Solving the Problems

According to one aspect, the present invention offers a
bonding substrate fabrication method for fabricating a sub-
strate (“bonding substrate”) on which a bonding surface 1s
formed, the bonding substrate fabrication method compris-
ng:

a surface treatment step of surface-treating a surface of a
substrate by 1rradiation with radiated particles including
energetic particles; and

a step of forming a silicon thin film on the surface-treated
substrate surface to fabricate the bonding substrate. The
unexpected effects achieved by this arrangement (silicon
thin film 1nsertion-type bonding substrate fabrication
method) can be read from a bonding strength comparison
graph (FIG. 4) relating to different processes (FIG. 2).

Preferably, the surface treatment step includes a process
of wrradiating the substrate surface with radiated particles
including metal particles. The unexpected eflects of this

arrangement are confirmed by bonding strengths C and E
(FI1G. 4) for processes C and E (FIG. 2).

According to another aspect, the present invention oflers
a bonding substrate fabrication apparatus for fabricating a
substrate (“bonding substrate”) on which a bonding surface
1s formed, the bonding substrate fabrication apparatus com-
prising:
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a process chamber;
an energetic particle source disposed 1nside the process

chamber (process room), for surface-treating a surface of the
substrate by 1rradiation with radiated particles including
energetic particles; and

a silicon source disposed inside the process chamber, for
forming a silicon thin film on the surface-treated substrate
surface. This apparatus can be applied to the silicon thin film
isertion type bonding substrate fabrication method of the
present invention.

In another aspect, the present invention offers a bonding
substrate fabrication apparatus for fabricating a substrate
(“bonding substrate’) on which a bonding surtace 1s formed,
the bonding substrate fabrication apparatus comprising:

an energetic particle source for radiating radiated particles
including energetic particles;

a silicon source; and

an orientation control device for controlling an orientation
of the energetic particle source;

wherein the orientation control device,

in a surface treatment mode, arranges the energetic par-
ticle source 1n a first orientation to direct radiated particles
from the energetic particle source to the substrate surface;
and

in a silicon thin film forming mode wherein a silicon thin
film 1s formed on the substrate surface, arranges the ener-
getic particle source 1n a second orientation to direct radiated
particles from the energetic particle source to the silicon
source; and

wherein the silicon source, 1n the silicon thin film forming
mode, 1s arranged 1n an orientation for radiating silicon
particles toward the substrate surface 1n response to radiated
particles from the energetic particle source. This arrange-
ment offers a bonding substrate fabrication apparatus that 1s
suitable for performing a sputter-based silicon thin film
insertion type bonding substrate fabrication method. The
energetic particle source cooperates with the orientation
control device and has two functions, functioming as an
energetic particle source for 1rradiating the substrate during
a surface treatment mode, and functioning as a sputter-type
drive source for the silicon source during a silicon thin film
forming mode.

Furthermore, in yet another aspect, the present invention
oflers a substrate assembly comprising:

a pair of substrates that are bonded to each other; and

an interface layer having silicon as a main component
formed between the pair of substrates;

the substrate assembly including a metal between the
interface layer and at least one substrate of the pair of
substrates;

wherein the bonding strength between the substrates 1s at
least 0.5 J/m”.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 An external view of a substrate bonding system
G00 comprising a load-lock apparatus G02, a bonding
substrate fabrication apparatus G01 and a substrate bonding
apparatus (03.

FIG. 2 A flow chart showing multiple processes (bonding
substrate fabrication methods) for fabricating a bonding
surface on a substrate, these processes including processes
(bonding substrate fabrication methods) for forming a sili-
con thin film 1n the bonding layer based on different embodi-
ments of the present invention.

FIG. 3 (A) 1s a schematic view showing portions of a
substrate fabrication apparatus G01 associated with imple-
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mentation of the irradiation step (surface treatments FO3,
F05) of FIG. 2 based on an embodiment of the present
invention, and (B) 1s a schematic view showing portions of
a substrate fabrication apparatus G01 associated with imple-
mentation of the silicon thin film formation step (process
F04) of FIG. 2 based on an embodiment of the present
invention.

FIG. 4 A graph showing the bonding strength of bonding
substrates A to E obtained by processes A to E 1n FIG. 2.

FIG. 5 A schematic view showing a mechanical compo-
nent of the substrate bonding apparatus G03 for bonding
together bonding substrates, where (A) shows a pair of
bonding substrates before bonding by the mechanical com-
ponent and (B) shows the bonding substrates at the time of
bonding by the mechanical component.

FIG. 6 (A) 1s a schematic view showing a sectional
structure of bonding substrate E obtained by process E 1n
FIG. 2 based on an embodiment; (B) 1s a schematic view
showing a sectional structure of a substrate assembly
obtained by bonding together bonding substrates (E), and
(C) 1s a schematic view showing a sectional structure of a
substrate assembly based on another embodiment.

FIG. 7 (A) 1s an infrared transmission image of substrate
assembly A obtained by process A 1n FIG. 2 showing the
formation of a void M12; and (B) 1s an infrared transmission
image ol substrate assembly E obtained by process A in FIG.
2 wherein the formation of a void 1s not observed.

FIG. 8 A transmission electron microscope photograph
showing the microstructure of a cross section of substrate
assembly E near the bonding interface.

FIG. 9 An EELS scan by transmission electron micros-
copy representing the iron concentration distribution 1n the
direction perpendicular to the bonding interface at and near

N

the 1nterface layer of the substrate assembly E.

FIG. 10 A graph showing the bonding strengths of com-
binations N01, N02, N03 and N04, as well as under vacuum
conditions at the time of bonding (N04 and N05) according,
to examples of the present invention.

FIG. 11 (A) 1s a front view schematically showing posi-
tions 1 to 5 at which the etched amount on the substrate H06
due to particle beam HO0S5 radiated from the particle beam
source HO3 was measured 1mn an example of the present
invention. (B) 1s a plan view thereof.

FIG. 12 A graph showing the relationship between the
acceleration voltage of the particle beam HO05, and the
amount etched at positions 1 to 5 on substrate H06.

FIG. 13 A perspective view ol a linear particle beam
source HO3 based on an embodiment.

FIG. 14 A section view along the line P1P2P3 of the linear
particle beam source H03 1n FIG. 13.

FIG. 15 A schematic view showing the structure and
actions of a bonding surface fabrication apparatus based on
an embodiment.

FIG. 16 A schematic view showing the structure and
actions of a bonding surface fabrication apparatus based on
an embodiment.

FIG. 17 A schematic view showing the structure and
actions of a bonding surface fabrication apparatus based on
an embodiment.

FIG. 18 A diagram showing the relationship between a
memory SS01 storing a lookup table and a control device
SS02, and particle beam source FG20 and particle beam
source FG30.

FIG. 19 A diagram showing the relationship between a
computer S01, a power supply S02 for applying an accel-
eration voltage based on an imstruction S03 theretfrom, and
a particle beam source HO03.
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FIG. 20 A lookup table for providing an acceleration
voltage E(V) necessary for obtaining a predetermined bond-

ing strength for respective materials depending on the par-
ticle beam sources G1, G2 used.

FIG. 21 (A) 1s a schematic view showing a process for
radiating energetic particles from one particle beam source
FG10 to remove an oxide film FG02 or impurities FG03 on
the surface of the substrate FG01, and (B) 1s a schematic
view showing a process for forming a bonding layer FG04
on the substrate FGO1.

FIG. 22 (A) 1s a schematic view showing, as a {irst step,
a process of radiating a particle beam from one particle beam
source FG20 to remove an oxide film FGO02 or impurities
FGO03 on the surface of the substrate FGO01; (B) 1s a sche-
matic view showing a subsequent process ol radiating
energetic particles from one particle beam source FG20 to
form an amorphous bonding layer on the surface; and (C) 1s
a schematic view showing, as a subsequent second step, a
process ol using particle sources 30 radiating diflerent
amounts of metal particles to irradiate the substrate FG01
with metal particles FG31 to form a final bonding layer
FG04.

FIG. 23 A schematic view showing a process of emitting,
metal particles by sputtering with energetic particles based
on an embodiment of the present invention.

FI1G. 24 A section view schematically showing how metal
particles F22 are contained in an amorphized surface layer
FG04.

FIG. 25 Measurement results of the iron concentration
distribution 1n the depth direction showing that a peak
concentration ol iron occurs at the surface layer of the
silicon substrate based on an example of the present inven-
tion.

FIG. 26 A schematic view showing a specific example of
an apparatus for implementing the bonding surface fabrica-
tion and substrate bonding according to the present inven-
tion.

FIG. 27 A schematic view showing an embodiment of
particle radiation and a bonding mechanism according to the
apparatus of FIG. 26.

FIG. 28 A view showing the structure of a position
recognition portion according to the apparatus of FIG. 26.

FI1G. 29 A schematic view showing a specific example of
an energetic particle source.

FIG. 30 A schematic view showing a specific example of
an energetic particle source further having a horn-shaped
metal body.

FIG. 31 A graph showing a specific example of the
relationship between the acceleration voltage of energetic
particles and bonding strength.

FIG. 32 An 1ron 2p spectrum of a substrate surface after
separating substrates bonded under different conditions.

MODES FOR CARRYING OUT TH.
INVENTION

L1l

First, the basic terminology used in the present specifi-
cation will be explained. The term “substrate” 1s synony-
mous with “solid-state material”, and a substrate may be of
any shape. In the preferred embodiments explained below,
the substrate may take the form of a water. However, this 1s
no more than an example, and 1s not limiting. An “energetic
particle” may be an 1nert gas 1on and/or a neutral atom. A
“metal particle” may be a metal 10n, a neutral metal atom
and/or a cluster. An energetic particle source is a device that
radiates energetic particles. The term “radiate” 1s synony-
mous with “emit”. An “energetic radiated particle” or a
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“radiated energetic particle” 1s a particle radiated or emitted
from an energetic particle source. For example, 1n a typical
energetic particle source, the particles present 1n a plasma
space (plasma particles) are accelerated by an electric field
to capture energy, forming energetic particles that are then
emitted (radiated) outside the plasma space. A “metal par-
ticle source” 1s a device for radiating or emitting metal
particles. For example, a metal body will react with ener-
getic particle radiation and radiate or emit metal particles. In
that case, the combination of a metal body and an energetic
particle source that radiates energetic particles onto the
metal body constitutes a metal particle source. This type of
metal particle source 1s known as a sputtering-type metal
particle source.

Herebelow, the present invention will be explained 1n
detaill by referring to preferred embodiments. However,
these specific embodiments are merely exemplary, and are
not mtended to limit the present invention. The principles of
the present invention, the above-described and other pur-
poses, characteristics and advantages will become more
apparent from the detailed description provided below with
reference to the drawings.
<QOverall System™>

FIG. 1 shows the outward appearance ol a substrate
bonding system G00. Such a system G00 typically includes
a load-lock apparatus G02, a bonding substrate fabrication
apparatus G01 and a substrate bonding apparatus G03. The
outward appearance itsell and the specifics of the outward
appearance of the system G00 do not constitute a part of the
present 1nvention.

The load-lock apparatus G02 1s an entry port for sub-
strates and an exit port for bonding substrates or substrate
assemblies. The bonding substrate fabrication apparatus
G01 performs a process (bonding substrate fabrication
method) for forming a bonding surface on a loaded substrate
to fabricate a bonding substrate. In general, such a process
requires a high-vacuum environment. For this reason, the
bonding substrate fabrication apparatus G01 performs the
processes with the inside of the process chamber H02 1n a
high-vacuum state (e.g., gas pressure 10~ Pa). Normally,
before introducing substrates into the process chamber H02,
the mside of the load-lock apparatus G02 into which a
substrate has been loaded 1s subjected to a depressurization
operation to lower the pressure from atmospheric pressure to
a predetermined vacuum.

The substrate bonding apparatus G03 1s for fabricating a
substrate assembly by bonding together bonding substrates.
In a typical substrate bonding system GO0 (FIG. 1), the
substrate bonding apparatus G03 1s coupled to a bonding
substrate fabrication apparatus G01 so that theiwr atmo-
spheres are 1n communication, and 1s capable of receiving a
supply of bonding substrates from the bonding substrate
fabrication apparatus G01 and transferring the fabricated
substrate assemblies through the bonding substrate fabrica-
tion apparatus G01 to the load-lock apparatus G02 which 1s
the exit port. Normally, 1n a substrate bonding system G00,
the exchange of substrates, bonding substrates, substrate
assemblies and the like between processing devices 1s per-
formed by a robot.

According to the conventional art, a substrate bonding
apparatus G03 requires an atmosphere 1n a vacuum state,
and bonding (adhesion) of bonding substrates 1s performed
in a vacuum. As described below, according to one aspect of
the present invention, the substrate bonding apparatus G03
does not require a vacuum atmosphere. In a preferred
embodiment of the present invention, a bonding substrate
tabricated by a bonding substrate fabrication apparatus G01
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does not require bonding 1n a vacuum atmosphere. There-
fore, in an embodiment of the present invention, the sub-
strate bonding apparatus G03 may be an independent appa-
ratus separate Ifrom the bonding substrate fabrication
apparatus G01.

As described above, the bonding substrate fabrication
apparatus G01 fabricates bonding substrates by forming
bonding surfaces on the received substrates. Herebelow,
some embodiments shall be explained regarding the bonding
substrate fabrication method performed by the bonding
substrate fabrication apparatus G01, and associated portions
of the bonding substrate fabrication apparatus involved 1n
performance of the method.

FI1G. 2 1s a flow chart showing several processes (bonding
substrate fabrication methods) for forming a silicon thin
film-implanted bonding surface on a substrate based on
different embodiments of the present invention. These pro-
cesses are performed by the bonding substrate fabrication
apparatus G01. In a first step, a starting substrate 1s obtained
(F01), then preprocessing (F02) 1s performed to result 1n a
substrate on which a bonding surface 1s to be formed.

In a specific example, commercially available silicon
substrates for industrial use with a diameter of 150 mm were
used as the starting substrate. Additionally, during pre-
processing, an oxide film was formed on the surface of the
silicon substrate by subjecting the silicon substrate to con-
ventional thermal oxidation.

Returming to the flow diagram of FIG. 2, after the pre-
processing F02, a bonding substrate fabrication process for
forming a silicon thin film-implanted bonding surface on the
substrate 1s performed according to diflerent embodiments
of the present invention. As selectable processes, FIG. 2
shows five processes A to E.

Process A 1s a process (bonding substrate fabrication
method) wherein the substrate surface 1s subjected to only a
surface treatment (“1rradiation” step F03). Unlike the other
processes B-E, a silicon thin film 1s not formed (F04) on the
bonding surface. The substrate fabricated by this process
will be referred to as the bonding substrate A. Therelore,
process A 1s a comparative reference process, and substrate
A 1s a comparative reference substrate.

Process E 1s a process 1n which surface treatment (F03) of

the substrate surface 1s followed by formation of a silicon
thin {ilm on the surface-treated substrate surface (F04), then
by surface treatment of the formed silicon thin film surface
(F05). The substrate fabricated by this process will be
referred to as substrate E. In a specific example, as shown in
FIG. 6(A), the bonding substrate E (LL00) 1s such that the
surface of the silicon oxide film L01 1s surface-treated (1L02),
a silicon thin film (LL03) 1s formed on the surface, and the
silicon thin film 1s surface-treated (1L.04).

Process C 1s the same as process E up to the surface
treatment FO3 of the substrate surface and the silicon thin
film formation F04, but the final silicon thin film surface
treatment F0S5 1s not performed. The result will be referred
to as the bonding substrate C. In the specific example,
bonding substrate C 1s a substrate having a silicon oxide film
surface that 1s surface-treated, and a silicon thin film formed
on the surface thereof.

Process D 1s a process wherein the substrate surface 1s not
subjected to a surface treatment F03, a silicon thin film 1s
tformed directly thereon (F04), and the formed silicon thin
film surface 1s surface-treated (F05). The substrate fabri-
cated 1n this way will be referred to as bonding substrate D.
In a specific example, bonding substrate D 1s a substrate
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wherein the silicon oxide film surface 1s not surface-treated,
a silicon thin film 1s formed, and further subjected to a
surtace treatment.

Process B 1s a process wherein a silicon thin film 1s
formed (F04) directly on the substrate surface. The substrate

obtained in this way will be referred to as bonding substrate
B

As shown 1n FIG. 4 to be described below, the bonding
strengths of bonding substrates B to E according to the
embodiments exhibited unexpected diflerences with respect
to the comparative reference substrate A.

In the following explanation, the surface treatment F03 of
the substrate surface may be referred to as “step 17, the
silicon thin film formation process F04 may be referred to as
“step 27, and the surface treatment FO3S of the silicon thin
film surface may be referred to as “step 3”.

FIG. 3 schematically shows the relevant portions of a
bonding substrate fabrication apparatus G01, along with a
process chamber H02, suitable for performing steps 1 and 3,
and step 2 (surface treatment, and silicon thin film formation
process) of FIG. 2. Basically, in order to perform a surface
treatment, a particle source for 1irradiating the substrate with
energetic particles 1s needed (see HO03). Additionally, the
silicon thin film may be formed with a silicon source by
CVD using a CVD apparatus or PVD using a PVD appa-
ratus, but FIG. 3 shows a sputtered silicon source (see H10).

As shown in FIG. 3(A), the process chamber H02 1s set to
a pressure of 1077 Pa as a vacuum before processing is
started. Inside the process chamber H02, the substrate H06
1s supported on the substrate supporting portion HO8. Fur-
thermore, an energetic particle source HO03 1s provided so as
to be capable of wrradiating the substrate H6 with radiated
particles H05 including energetic particles or metal par-
ticles. The energetic particle source H03 has an axis of
rotation H04 1n a direction perpendicular to the drawing, and
the orientation of the energetic particle source H03 may be
controlled about the axis of rotation H04. This constitutes a
simple orientation control apparatus. If desired, the orien-
tation control apparatus may control the orientation of the
energetic particle source HO3 about multiple axes.

Therefore, 1in FIG. 3, the bonding substrate fabrication
apparatus 1ncludes an energetic particle source H03 {for
emitting radiated particles including energetic particles, a
s1licon source H10, and an orientation control apparatus H04
for controlling the orientation of the energetic particle
source H03. The orientation control apparatus H04, in a
surface treatment mode according to steps 1 and 3, puts the
energetic particle source HO3 1n a {irst onientation to direct
the radiated particles from the energetic radiation source
HO03 toward the substrate H06 surface, and 1n a silicon thin
film formation mode for forming a silicon thin film on the
substrate surface according to step 2, orients the energetic
particle source in a second orientation to direct radiated
particles from the energetic particle source H0O3 toward the
silicon source H10. In the silicon thin film formation mode,
the silicon source H10 responds to the radiated particles
from the energetic particle source H03, and 1s oriented to
radiate silicon particles toward the surface of the substrate
HO6.

Additionally, the substrate supporting portion H08 should
preferably support a plurality of substrates in addition to the
substrate H06. For example, in FIG. 3(A), a substrate HO7
1s Turther supported.

More preferably, the substrate supporting portion HOS
includes a mechanism H09 that moves 1n the lateral direc-
tion 1 FIG. 3(A), and by translation of the substrate sup-
porting portion HO8 with respect to the energetic particle
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source HO3 by the movement mechanism H09, the sub-
strates H06 and HO7 are able to be sequentially irradiated by
the radiated particles.

Having a movement mechanism HO09 provides various
advantages 1n the process.

For example, due to the movement mechanism H09, the
substrate H06 can be moved outside the range of irradiation
of the radiated particles HO5 at the time of 1gnition of the
energetic particle source HO03. Irradiation of the substrate
HO06 under unfavorable conditions such as instability imme-
diately following ignition of the energetic particle source
HO03 can be avoided.

Additionally, for example, after processing of the sub-
strate H06, the movement mechanism H09 may consecu-
tively or continuously subject another substrate HO7 held by
the substrate supporting portion HO8 to irradiation by the
radiated particles HOS. As a result, the speed and efliciency
of the overall process may be improved.

Furthermore, for example, a linear particle source that 1s
long 1n the position direction (linear 1on source) may be used
as shown 1 FIG. 13, and by arranging 1t 1n the direction
perpendicular to the paper surface in FIG. 3(A), a substrate
of large dimensions may be efhiciently processed.

The energetic particle source H03 can emit radiated
particles including energetic particles. These energetic par-
ticles may be 1nert particles, preferably including argon.

The energetic particle source HO03 may further emait radi-
ated particles including metal particles. "

These metal par-
ticles are preferably transition metals, more preferably 1ron.

A particle source H03 (energetic particle source and metal
particle source) emitting both energetic particles and metal
particles may have various structures.

In one structural example, this type of particle source HO3
which emits both energetic particles and metal particles
generates a plasma of inert particles (argon), and by apply-
ing an eclectric field E to this plasma, the plasma inert
particles are accelerated 1n the direction of the electric field,
causing radiation of energetic particles including nert par-
ticles. Inside the particle source H03, an exposable metal
body including a desired metal 1s arranged 1n the area where
the plasma of the inert particles (argon) 1s generated, so that
the energetic particles from the plasma also cause radiation
of metal particles from the metal body, which form a portion
of the radiated particles. The particle source of this structure
functions mainly as the particle source for radiating ener-
getic particles when the metal body 1s 1n a retracted position
by selection of an active mode, and functions as a particle
source for radiating metal particles together with energetic
particles when the metal body 1s in an exposed position
(positioned 1n the plasma space).

In this type of particle source H03, the proportion of metal
particles contained 1n all radiated particles or the quantity
relative to the energetic particles (here, mnert particles) may
be enhanced or controlled by various methods.

In one structural example, a conical metal body 1s further
provided at the exit of the particle source H03, and the
energetic particles (here, inert particles 1n a plasma state)
sputter the metal body, thereby increasing the quantity of
metal particles radiated from the particle source.

In another structural example, a grid-shaped metal body 1s
turther provided at the exit of the particle source H03, so that
the energetic particles (here, inert particles 1in a plasma state)
sputter the metal grid, thereby increasing the quantity of
metal particles emitted.

The proportion of metal particles contained i all the
radiated particles or the amount relative to the energetic
particles (e.g., inert energetic particles) are not limited to
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those for the above structural examples. For example, the
metal body for generating the metal particles may be pro-
vided at any position, even a position distanced from the
particle source, as long as the position 1s between the particle
source and the substrate which 1s the 1rradiation target, and
exposed to 1rradiation by particles including energetic par-
ticles. Additionally, the shape of the metal body may be any
shape capable of achieving the same objective.

Next, an embodiment of a method and apparatus for
sputter deposition of a silicon thin film according to the
present invention will described with reference to FI1G. 3(B).

FIG. 3(B) shows a structure having a silicon source H10
turther iside the process chamber H02 shown 1n FIG. 3(A).
Here, the silicon source H10 1s positioned so as to be capable
of radiating silicon H11 1n the direction of the substrate H06
on which the silicon 1s to be deposited, and 1s further
arranged to be capable of receiving radiated particles HOS
from the particle 1on beam HO03 for radiating silicon. Here,
the particle 1on beam HO03 rotates about the axis of rotation
HO04 from the position shown 1n FIG. 3(A), and 1s radiated
in the direction of the silicon source H10.

In the embodiments shown 1 FIG. 3(A) and FIG. 3(B),
the energetic particle source H03 and silicon source H10 are
arranged with respect to the substrate H06 1nside the process
chamber H02, enabling a single energetic particle source
HO03 to be used to irradiate the substrate H06 with radiated
particles and perform sputter deposition of a silicon thin film
onto the substrate H06. By doing so, the arrangement of
components inside the process chamber H02 can be simpli-
f1ed.

As described above, the substrate bonding apparatus G03
1s for bonding together bonding substrates. The substrate
bonding mechanism G03 1s not limited, but a mechanism
functioning, for example, as shown in FIG. 5 1s preferred. In
other words, the substrate supporting portion HO8 has a
supporting portion H08a and a supporting portion HO85b for
respectively supporting the substrate H06 and the substrate
HO7. The supporting portion H08a and the supporting
portion HO8b respectively pivot about an axis of rotation
H12 that 1s perpendicular to the paper surface of FIG. 5,
enabling the bonding surfaces of the substrate H06 and the
substrate H07 to come into planar contact. Because the
bonding fabrication apparatus G00 has this mechanism, the
substrates can be bonded together 1n a desired time and
conditions inside the process chamber H02 or other vacuum
chamber (not shown) without being removed from the
bonding surface fabrication apparatus G00.

In a specific example, after fabricating bonding substrates
with the bonding substrate fabrication apparatus G01 based
on processes A to E 1n FIG. 2, pairs of substrates A to E
obtained by the same process can be bonded in the substrate
bonding apparatus G03 as shown i FIG. 5(B) using the
mechanism shown in FIG. 5. The pairs of bonded substrates
will be referred to herealter as substrate assemblies A to E.

The structure of substrate assembly E 1s shown in FIG.
6(B). In specific examples, for substrate E, the surface of the
s1licon oxide film L.01 1s 1rradiated (1.02) 1n step 1, a silicon
thin film (L.O3) 1s formed on the surface thereof, and the
silicon thin film 1s 1rradiated (1L04) according to step 1. By
bonding together a pair of substrates E processed in the same
way, the surfaces .04 are bonded together, forming the
substrate assembly E (L10).
<Measurement of Bonding Energy>

After the bonding process, the substrate assemblies A to
E were removed from the substrate bonding system G00 into
atr, and the bonding energies of the substrate assemblies
were measured by a blade insertion method. The average
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values over a plurality of measurements of substrate assem-
blies A to E are shown 1n FIG. 4.

The measurement results for bonding strength will be
explained with reference to FIG. 4. First, the substrate
assembly A obtained by bonding together substrates on
which a silicon film was not formed and wherein the silicon
oxide film was 1wrradiated by step 1 exlibited the lowest
bonding strength (0.05 J/m” or less). Next, substrate assem-
bly B obtained by bonding together substrates on which a
silicon film was formed without performing step 1 at all
exhibited a bonding strength (0.37 J/m®) which is higher
than substrate assembly A. This 1s a bonding strength of
about 15% of the breaking strength (2.5 J/m*) of bulk
silicon. Next, the substrate assembly D obtained by bonding
together substrates on which a silicon film was formed
without performing step 1, then followed by step 1, exhib-
ited a bonding strength (0.51 J/m*) which is higher than the
bonding strength of the substrate assembly B. This 1s a
bonding strength which 1s about 20% the breaking strength
(2.5 J/m®) of bulk silicon. Next, the substrate assembly C
obtained by bonding together substrates on which a silicon
f1lm was formed after performing step 1, then not followed
by step 1, exhibited a bonding strength (1.17 J/m*) which is
even higher than that of substrate assembly D. This 1s a
bonding strength which 1s about 40% of the breaking
strength (2.5 J/m*) of bulk silicon. Finally, the substrate
assembly E obtained by bonding together substrates on
which a silicon film was formed after performing step 1,
then followed again by step 1, exhibited the highest bonding
strength (1.55 J/m?®). This is a bonding strength that is about
60% of the breaking strength (2.5 J/m®) of bulk silicon.

The results for bonding strength shown in FIG. 4 show
that substrates on which a silicon film 1s formed clearly
exhibit higher bonding strength than substrates on which a
silicon film 1s not formed, and that the bonding strength
becomes greater the more step 1 1s performed before and
alter formation of the silicon film.

In the above examples, pairs of substrates subjected to the
same processes were bonded together to compare the bond-
ing strengths of the substrate assemblies depending on the
processing methods, but similar effects are clearly achieved
even when processing only one substrate.

In the above examples, silicon oxide was used as the
substrate (surface layer portion), but there 1s clearly no need
for such a limitation. Additionally, by forming the silicon
thin films mside the bonding surface layers, the broadness of
the range of application wherein there are fundamentally no
limitations on the materials of the substrates themselves can
be observed. As a result, the present invention may be
applied to the material of any substrate as long as 1rradiation
of the substrate surface by energetic particles and generation
of a silicon thin film 1s possible.

Additionally, 1n the above examples, radiated particles
including energetic particles and metal particles were used
as the particle source H03. However, it 1s clear from the
results of room temperature bonding methods performed
until now that similar results can be obtained even when
metal particles are not included, or when metal particles are
intentionally left out of the energetic particles by installing
a grid or horm-shaped metal body.
<Evaluation of Bonding Interface by Infrared Transmis-
S1011°>

While visible light cannot pass through a silicon substrate,
inirared light can. Therefore, the state of bonding can be
analyzed by using a technique of observation of transmis-
sion of infrared rays. The portions where the substrates are
not closely bonded form spaces, or so-called voids, where
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the optical path lengths of infrared rays differ from those
where the substrates are closely bonded. When viewing an
image of infrared rays transmitted through the substrates, the
places where the substrates are and are not closely bonded
appear as diflerences 1n darkness and lightness of the trans-
mitted light.

The formation of voids suggests that undesirable particles
adhering to the bonding surface are present 1n the bonding
interface, forming gaps between the substrates, or that the
bonding strength 1s weak.

FIG. 7(A) shows an infrared ray transmission image of
substrate assembly A (M11), and FIG. 7(B) shows an
infrared ray transmission image ol substrate assembly E
(M21). In FIG. 7(A), voids can be observed to have formed
in the areas denoted by M12. On the other hand, in FIG.
7(B), the formation of voids such as those indicated by M12
in FIG. 7(A) was not observed.

Substrate E involves many steps compared to substrate A,
and therefore can be expected to have a higher probability of
adherence of undesirable particles to the bonding surface
betore bonding. The fact that voids nevertheless did not
form on the substrate assembly E suggests that the bonding
strength of the substrate assembly E 1s much higher than that
ol substrate assembly A, which agrees with the results of
bonding strength shown 1n FIG. 4.
<Evaluation of Bonding Interface by Transmission-Type
Electron Microscopy>

FIG. 8 shows the microscopic structure in the vicinity of
the bonding interface of substrate assembly E as viewed by
transmission electron microscopy. In this specific example,
the substrate was obtained by forming a surface of a silicon
oxide film L01 on a silicon substrate (LL10) as a starter
materal, wrradiating by step 1 (L02), forming a silicon thin
film on the surface (1L03), then wrradiating the silicon thin
film by step 1 (LL04). By bonding together a pair of similarly
processed substrates E, the surfaces 1L04 bond together to
form a substrate assembly E (LL10).

Furthermore, the 1ron concentration in the vicinity of the
bonding interface of the substrate assembly E was measured
using a technique called EELS 1n transmission electron
microscopy. EELS scanning enables the concentration of
atoms to be measured for extremely small areas of atomic
size. FIG. 9 shows the concentration profile of 1ron 1n a
direction perpendicular to the bonding interface (K31),
measured by line-scanning the bonding interface .04 1n a
perpendicular direction.

In this specific example, with an EELS line scan 1n a
direction perpendicular to the bonding interface 104, 1ron
was found to be present at positions .02 and .04 which
were 1rradiated with energetic particles 1n step 1, but was not
measured in any other areas. Furthermore, the concentration
of 1ron at the bonding interface .04 was higher than at the
area LL02 1rradiated by energetic particles before deposition
of the silicon thin film L03. This 1s believed to correspond
to the fact that twice as much 1ron 1s contained by joining
surfaces irradiated with energetic particles under the same
conditions 1n step 1.

In the above example, the 1ron concentration distribution
in the direction perpendicular to the bonding interface is
shown 1n the vicinity of the bonding interface of a substrate
assembly E obtained by bonding together a pair of substrates
E subjected to similar processes, but a similar 1ron distri-
bution can clearly be obtained even when just one substrate
1s processed as shown in FIG. 6(C).

FIG. 6(C) will be explained. In this case, the surface of
one substrate LO1 1s 1rradiated by step 1 (1L02), a silicon thin
film (LL03) 1s formed on the surface thereof, the silicon thin
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film 1s 1rradiated by step 1 (L04), then the substrate is
bonded with another substrate [.41. However, aside from
when the substrate L.O01 and .41 can be distinguished, 1t 1s
difficult to determine whether the bonding interface 1s 1n L02
or in L.04 by observation of the interface structure alone, and
it does not matter whether step 1 and step 2 are performed
on substrate L.O1 or substrate 1.41.

Additionally, 1n the relevant portions of L.02 and 104, the
metals included 1n other energetic particles are present at a
higher concentration than other portions.

These metals are preferably transition metals, more pret-
erably 1ron.

Regarding the activation conditions for the particle
source, 1n a specific example, step 1 1s performed with an
acceleration voltage of 1.5 to 2.5 kV and a current of 350 to
400 mA, and step 2 1s performed with an acceleration
voltage of 1.0 to 2.0 kV and a current of 300 to 500 mA.

Hereinabove, a method and apparatus for fabricating a
bonding substrate of a type having a “silicon thin film layer”
formed inside the bonded layer (see FIG. 2), a bonding
substrate which 1s the product thereof (FIG. 6), and a
substrate assembly (FIG. 6) have been explained. As shown
in FIG. 4, the bonding substrate was found to have a higher
bonding capacity compared to other cases when forming a
silicon thin film inside the bonded layer as shown 1n FIG. 4.
Additionally, the present method and apparatus have no
limitations on the materials of the substrate to which they
can be applied, and they are very highly effective.

Herebelow, the approach of forming a “silicon thin film
layer” inside the bonded layer 1s set aside, and suflicient
bonding strength 1s achieved by making improvements to
the surface treatments of the substrate (see FIG. 6, layers
.02 and L.04).
<Bonding Surface Fabrication Process>

Herebelow, the surface treatment will be explained in
detail with reference to embodiments.

These embodiments offer a bonding substrate fabrication
method for fabricating substrates on which a bonding sur-
face has been formed (“bonding substrates™). This method
includes a {first surface treatment step of surface-treating the
surface ol a substrate by 1rradiation with radiated particles
including energetic particles, and a second surface treatment
step of surface-treating the substrate surface by irradiation
with radiated particles including metal particles. As a result
of performing these steps, the aforementioned bonding
substrates are produced, and the performance of the steps 1s
controlled so that the metal particles are distributed within
the base material of the surface layer of the bonding sub-
strate. In this case, the first surface treatment step and the
second surface treatment step may be performed simultane-
ously. This was already explained in connection with the
energetic particle source and metal particle source HO3
shown 1 FIG. 3. Instead of simultaneous processes, a
sequential process could be used wherein the substrate
surface 1s subjected to energetic particle radiation, after
which the substrate surface i1s subjected to metal particle
radiation. Depending on the application, an energetic par-
ticle source and metal particle source H03 may be used, or
the action of an energetic particle source may be followed by
the action of a metal particle source.

As a bonding substrate fabrication apparatus G01 for
forming a bonding surface of a substrate, FIG. 18 shows a
bonding substrate fabrication apparatus comprising an ener-
getic particle source FG20 for surface-treating a surface of
a substrate by 1rradiation with radiated particles including
energetic particles, a metal particle source FG30 for surface-
treating the surface of the substrate by irradiation with
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radiated particles including metal particles, a processing
condition memory SS01 for storing processing conditions
satisiying the targeted properties of the bonding substrate
(“target properties™), and a control device SS02 for referring
to the memory SS01 and controlling the energetic particle
source FG20 and the metal particle source FG30 based on
the processing conditions satisiying the target properties.

For example, the above-mentioned target properties may
include a distribution of metal particles inside the base
material of the surface layer of the bonding substrate, and
the actions of the energetic particle source FG20 and the
metal particle source FG30 may be controlled based on the
processing conditions satisiying the target properties under
the control of the control device SS502.

The target properties may include (A) absence of a metal
layer on the surface layer of the bonding substrate, and (B)
distribution of the metal particles inside the base material of
the surface layer of the bonding substrate, and the actions of
the energetic particle source FG20 and the metal particle
source FG30 may be controlled based on the processing
conditions satistying the above-mentioned target properties
under the control of the control device SS02.

In one example, the above-mentioned processing condi-
tions may include energy conditions to be acquired by the
energetic particles from the energetic particle source FG20.
The energy conditions may be 30 eV or more.

In another example, the above-mentioned target proper-
ties include “the bonding substrate having a certain bonding
strength capability”, and the actions of the energetic particle
source FG20 and the metal particle source FG30 may be
controlled based on processing conditions satisfying the
above-mentioned target properties under the control of the
control device SS02. For example, lookup tables T01, T02
such as those shown in FIG. 20 may be stored in the
processing condition memory SS01, capable of displaying
bonding strengths (expressed, for example, as substrate
breaking strength ratios).

As an alternative, as shown 1n FIG. 19, the control portion
S01 1llustrated 1n the form of a PC may contain therein a
memory storing processing requirements relating to the
energy requirements, and a power supply S02 may be
provided with voltage instructions corresponding to required
acceleration energies via the data bus S03. Upon receipt
thereof, the energetic particle source H03 1s activated at
voltages corresponding to the required acceleration energies
from the power supply S02 through the power supply line
S04,
<Process of Surface Treatment by Energetic Radiated Par-
ticles>

The surface treatment based on one embodiment 1s a
process of 1rradiating the substrate surface with energetic
radiated particles. Generally, the surface of the solid material
originally on the substrate has a certain amount of oxides
and compounds other than oxides formed or adsorbed
thereto. The oxides are often formed by the substrate mate-
rial reacting with oxygen in the air or with water 1n a wet
process. In the case of silicon, they are mostly S10,. Aside
from oxides, microparticles from the air may be adsorbed, or
chemical substances from various processes may adsorb to
the surface or react with and form on the substrate matenial.
There are many forms and types, but they will be referred to
simply as “impurities” in the present specification.

The purpose of “surface treatment™ 1s first to remove the
above-mentioned oxides and impurities by collisions of
radiated particles including energetic particles, and exposing,
the clean surface of the substrate material itself. The surface
of the substrate material 1tself has dangling bonds and 1s 1n
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a high-energy, unstable state. By avoiding oxidation and
adsorption of impurities and bringing into contact another
energetically unstable clean surface, the dangling bonds can
be bound together and become energetically stable, resulting
in a strong bond.

The second purpose of “surface treatment” 1s to disrupt
the crystallinity of the substrate material by further irradi-
ating the clean surface with radiated particles including
energetic particles, thereby accelerating the formation of
dangling bonds and further raising the surface energy.
Therefore, by joining these surfaces together, an even stron-
ger bond can be obtained.

In the below-given examples, an inert gas, especially
argon, was used for the radiated particles including energetic
particles used for the “surface treatment”, but the invention
1s not limited thereto. For example, other 1nert gases may be
used, and aside from inert gases, any particles, such as
nitrogen molecules and oxygen molecules, capable of trans-
mitting to the substrate material kinetic energy obtained by
being accelerated by the particle source, may be used.
Additionally, 1nstead of having kinetic energy, they may be
chemically reactive with the substrate material.

Furthermore, the particle used for the particle radiation in
the “surface treatment” may include multiple types of par-
ticles. For example, as described above or below, metal
particles may be included. In that case, the metal particles
that have reached the surface of the substrate material can be
considered to undergo some kind of chemical reaction at the
time of bonding, as a result of which the bonding strength 1s
increased.

The ““surface treatment” may be performed on both or on
just one of the pair of substrate surfaces to be bonded.

The surface treatment method of the present embodiment
was coniirmed by measurements to contain metal particles
in the surface-treated substrate surface layer (bonding sur-
tace layer). While the specifics of the phenomena actually
occurring in the substrate surface layer during surface treat-
ment are unclear, judging from the measurement results, it
appears that irradiation by the energetic particles and metal
particles removes oxides and impurities present on the
substrate surface, the energy from the particles amorphizes
the substrate surface layer, and the metal particles are
bonded to the base matenal of the amorphized layer. The
descriptions of these phenomena are merely hypothesized
from the measurements as an attempt at a simple explana-
tion. Phenomena per se, theories on phenomena per se and
physical/chemical analysis per se cannot be protected by
patents, and therefore do not constitute a portion of the
present invention, nor are they intended to be used to
interpret the scope of the present invention. The scope of the
present invention, as defined by law, should be determined
based on the claims.

A specific example of a surface treatment method based
on the present embodiment wherein silicon 1s used as the
substrate material, argon 1s used for the energetic particles
and 1ron atoms are used as the metal will be described with
reference to FIG. 24. In other words, 1n the substrate FGO01,
the silicon atoms FF11 are arranged in a diamond crystal
structure. As a result of a surface treatment method under the
present embodiment, the silicon substrate surface layer
FG04 can be considered to lose 1ts diamond crystal structure
and the silicon atoms FF21 to form an amorphous layer
FGO04. The iron atoms FF22 can be considered to be present
mainly in this amorphous layer FG04.

FI1G. 25 shows the results of compositional analysis in the
depth direction of a silicon substrate after irradiation by
energetic particles and 1ron particles by RF glow discharge
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spectroscopy. These results show that there 1s an 1iron
concentration peak 1n the surface layer and the peak con-
centration 1s 4.5 atomic % (hereinatter referred to as “at %7).

Aside from the amorphous layer FG04, the iron atoms
may, for example, be present on the substrate FG01. This 1s
because the diffusion coeflicients of transition metals in
semiconductor materials are generally high, and for
example, the diffusion coeflicient of iron in silicon is
extremely high (Sze, Physics of Semiconductor Devices).
Therefore, even at room temperature, the diflusion coetl-
cient of transition metals represented by 1ron 1s high. Addi-
tionally, even 1 the temperature of the substrate overall 1s
held at room temperature or a temperature lower than room
temperature, during irradiation with energetic particles, the
energy of the energetic particles 1s converted into thermal
energy by collisions, causing the temperature near the sur-
face to rise locally within a range of a few atoms. Therefore,
the diflusion distance of iron can be expected to increase
near the surface. However, only the iron atoms positioned
near the substrate surface are mmvolved in the bonding
process, while the 1ron atoms at positions deeper than the
amorphous layer FG04 when viewed from the surface are
not directly mvolved 1n the bonding process.

Additionally, the acceleration energy of 1ron atoms may
be lower than the acceleration energy of argon which 1s an
energetic particle. The diffusion rate of 1ron atoms 1s higher
in amorphous silicon than in crystalline silicon, so the
diffusion of 1ron atoms can be expected to be suflicient.

In order to obtain suflicient bonding strength, the surface
layer FG04 made by the surface treatment method of the
present embodiment should preferably comprise metals by
0.1 to 30 at %.

Furthermore, the surface layer FG04 formed by the sur-
face treatment method according to the present embodiment
should preferably comprise metals by 3 to 10 at %.

If the metal content 1s lower than the designated amount,
then a suflicient bonding strength that can be expected by the
presence of metals cannot be obtained.

Additionally, it may not be preferable for the metal
content to be greater than the designated amount.

First, if the metal content i1s greater than the designated
amount, then suflicient bonding strength may not be able to
be obtained.

For example, a high bonding strength was obtained when,
after the surface treatment, the substrate with an 1ron content
of 5 at % 1n the surface layer FG04 was bonded after
changing the gas pressure from vacuum to atmospheric
pressure.

Additionally, a substrate having an iron content of 5 at %
in the surface layer FG04, as a result of measurement, was
found to have a slower oxidation rate than an 1iron metal film.

Various mechanisms may be contemplated as the reason
for the slow 1ron oxidation rate. For example, when the 1ron
content 1n the silicon 1s low, the probability of 1ron atoms
being close to each other becomes extremely small, so the
iron atoms can be considered to be 1solated from other 1ron
atoms. In that case, the iron atoms will bind with silicon
atoms and form a silicon alloy. Silicon alloys are believed to
be less susceptible to oxidation than when adjacent 1rons
forms a metal film. Furthermore, when an 1ron atom 1s
located at the surface layer FG04, one end of these 1ron
atoms binds with silicon atoms, while the other end 1s
exposed to the surface, and 1s not bound to silicon atoms or
the like and therefore has a certain degree of activity. In
other words, due to the fact that the amount of iron atoms on
the outermost surface after the surface treatment does not
exceed a certain amount, they can be considered to have the
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property of being less susceptible to oxidation, while having
suilicient activity to generate a strong bond when contacting
other substrate surfaces.

Additionally, the {feature of the metal content being
greater than a certain amount, 1n an unfavorable second case,
generates conductivity.

For example, by increasing the metal content of the
surface layer FG04, the metal atoms become continuous,
forming metallic bonds. As a result of the continuous
metallic bonds in surface layer FG04, the layer has conduc-
tivity. Additionally, even 1f not completely continuous, if
metal atoms are present nearby at the atomic level, conduc-
tivity may arise as a result of the tunneling effect. Alterna-
tively, even 1f the surface layer FG04 alone does not have
conductivity, conductivity may arise as a result of bonding
a pair ol similar surface layers FG04.

In one example of the present embodiment, energetic
particles and metal particles are radiated from the particle
source, so the energy of the energetic particles and metal
particles 1s defined by the particle source driving conditions.
However, as mentioned above, the energetic particles and
metal particles can be considered to play different roles in
acting on the substrate material. If the amount of metal
particles reaching the substrate material surface exceeds the
amount of substrate material removed by energetic particles,
then the metal particles will be deposited on the substrate
material surface. In this case, a metal film 1s formed. On the
other hand, if the amount of metal particles reaching the
substrate material surface 1s less than the amount of sub-
strate material removed by the energetic particles, then the
metal particles will not be deposited onto the substrate
material surface, and the substrate material will be progres-
sively removed. In other words, the balance between the
kinetic energy of the energetic particles and the amount of
metal particles arriving at the substrate material surface 1s a
factor 1n forming a desired thin film.

Next, experimental results relating to the relationship
between bonding strength and the acceleration energy of
energetic particles when using a 150 mm silicon wafer as the
substrate material, specifically acceleration voltages of 80 V
and 100 V, will be demonstrated.

First, the amount of substrate material removed by ener-
getic particles was measured 1n the case of the above-
described two acceleration voltages as shown 1n FIG. 11(A)
and FIG. 11(B). FIG. 11(A) 1s a side view showing the
positional relationship between the substrate H06, the ener-
getic particle source HO3 and the direction of emission of the
energetic particles H05. FIG. 11(B) 1s a plan view of the
same. As the substrate H06, a thermal oxide film was formed
on a silicon substrate, the thickness of this thermal oxide
f1lm was measured before and after irradiation by energetic
particles, and the diflerence 1n thickness was recorded as the
etched amount. Energetic particles HOS were radiated from
the energetic particle source H03 in an oblique direction
with respect to the substrate surface so as to contain the
center 3 of the substrate. Additionally, the thickness of the
thermal oxide film was measured from point 1 to 35 in the
direction of the diameter of the substrate H06, in other
words, along the direction of radiation O05 of the energetic
particles HO5. At this time, the positions of the measurement
points 1 to 5 were determined by positioning a notch O06 as
shown 1n FIG. 11(B).

First, FIG. 12 shows the amount etched (nm) at measure-
ment points 1 to 5 at 80 V and 100 V. At 80 V, the etched
amounts were measured under the two conditions of radia-
tion amounts 15 A-min and 30 A-min, and the etched
amounts were confirmed to be roughly proportional to the
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amount of radiation. At 100 V, roughly the same results of
etching amount as for 80 V and 30 A-min were obtained at
measurement points 1 to 3, while etching amounts 1nterme-
diate between the results for the two conditions at 80 V
described above were measured at positions 4 and 5. In both
cases, energetic particle radiation at the above-described 80
V and 100 V was found to provide roughly equivalent
ctching amounts in the thermal oxide film.

Silicon substrates were surface-treated with the same
energetic particle acceleration voltages, and bonded
together. In this case, no oxide film or any other thin film of
anything other than silicon was formed on the silicon
substrate surface, and the silicon materials were bonded
together. Suflicient bonding strength was not obtained when
the surface treatment was performed by accelerating the
energetic particles at an acceleration voltage of 80 V, while
suflicient bonding strength was obtained when the surface
treatment was performed by accelerating the energetic par-
ticles at an acceleration voltage of 100 V. The measurement
results show that even under energetic particle 1rradiation
conditions providing similar amounts of etching, the bond-
ing strength can differ depending on the acceleration voltage
of a certain particle source, in other words, the kinetic
energy of the energetic particles.

While the above example demonstrates the difference 1n
bonding strength between energetic particle acceleration
voltages of 80 V and 100 V using a predetermined particle
source, this can change depending on various conditions.
For example, depending on the irradiated matenal, the
acceleration voltage may be 30 V (see FIG. 31). Addition-
ally, for example, the kinetic energy of the energetic par-
ticles specifically depends on the arrangement of the particle
source that 1s used. Furthermore, while silicon was used 1n
the above example, the bonding strength depends on the type
(semiconductor, ceramic, dielectric material, organic mate-
rial, etc.) and form (monocrystalline material, crystal orien-
tation at the material surface, polycrystallinity, size of crys-
tal grains, etc.) of the material to be 1rradiated with energetic
particles as well as the kinetic energy (energy of the par-
ticles). Therefore, the resulting bonding strength can be
considered to depend on parameters such as the energy of
the particles, materials 1rradiated and the particle source.

For example, as shown in FIG. 20, lookup tables T01, T02
can be prepared beforehand, showing the acceleration volt-
ages E(V) necessary for obtaining a designated bonding
strength BS (%) (=bonding strength (J/m*)/bulk breaking
strength (J/m*)) for various materials such as SiO,, Si, SiN
and M4 depending on the particle source G1, G2 used.

By storing these lookup tables in a memory of a computer
S01 as shown in FIG. 19, a user may enter desired param-
eters, whereupon the computer S01 will output to the power
supply S02 an 1nstruction S03 regarding the necessary
acceleration voltage value. The power supply S02 will apply
the instructed voltage to the voltage plate S05 of the accel-
cration voltage of the energetic particle source H03. As a
result, the particles HOS accelerated by the predetermined
voltage will be radiated form the energetic particle source
HO03. By providing a metal body S06 on the path of the
particles H03, the energetic particles can be made to include
metal particles.

As described above, by choosing the above-described
parameters approprately according to the present invention,
a sullicient bonding strength can be achieved when the metal
content 1n the surface layer of the substrate 1s within a
predetermined range.

Next, as another example of the present invention, a
method of adjusting the proportion between the radiation
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amount of energetic particles and metal particles 1n two
different steps will be demonstrated. With reference to FIG.
21, the difference between the above-described example
(FIGS. 21(A) and (B)) and the present example (FI1G. 22(A)
to (C)) will be explained.

In the above example, energetic particles are radiated
from a single particle source FG10 to remove an oxide film
FG02 and impurities FG03 on the surface of the substrate
FGO01 (FIG. 21(A)), forming the bonding layer FG04 on the
substrate FG01 (FIG. 21(B)). When the energetic particles
include metal particles, the metals will be contained 1n the
tformed bonding layer FG04.

In another example, as a first step, energetic particles were
radiated from one particle source FG20 to remove an oxide
film FGO02 and impurities FG03 on the surface of the
substrate FG01 (FIG. 22(A)), forming a bonding layer FG05
on the substrate FG01 (FIG. 22(B)). Next, as a second step,
a particle source FG30 with a different amount of radiation
of metal particles was used to 1rradiate the substrate FG01
with metal particles FG31, to form a final bonding layer
FG04 (FIG. 22(C)). In the present example, the energetic
particles 1n the first step may or may not include metal
particles. Additionally, the particle source FG30 1n the
second step may simultaneously radiate energetic particles
and metal particles as used 1n the above-described example.
The amount of metal particles radiated can be increased or
decreased by various methods. Additionally, this particle
source FG30 need not have a mechanism for accelerating the
particles. Basically, the embodiments exemplified by the
present example enable the energetic particle irradiation
conditions and metal particle 1rradiation conditions to be
relatively freely set between a first step and a second step,
so that their functions can be better controlled.

With the apparatus arrangement shown 1 FIG. 23, the
energetic particle source does not radiate energetic particles
toward the substrate H06, but rather toward the metal
particle source FG30. The metal particle source FG30 reacts
with the energetic particles FG21 so that metal particles
FG31 are sputtered and radiated toward the substrate H06.

Therelore, the metal particle source FG30 1s a sputtering
target for the energetic particles FG21. A sputtering target
wherein sputtering 1s appropriately switched between metal
particles and silicon depending on the process 1s eflective.
For example, the sputtering target may be of a polygonal
pillar shape having multiple faces and capable of rotation,
provided with a silicon target on at least one surface, and a
metal particle on at least one other surface. By using such a
rotary sputtering target mstead of a metal particle source
FG30, after forming a silicon film on the substrate by
radiating energetic particles at a silicon target to sputter
silicon, the rotary sputtering target can be rotated so as to
radiate the energetic particles onto the metal particle target
to sputter metal particles (e.g., ron particles) and easily
radiate metal particles onto the substrate.
<Relationship Between Substrate Material and Bonding
Strength™>

In connection with FIG. 4, formation of a silicon thin film
insertion type substrate was explained. In particular, the
substrate (surface layer) material was silicon oxide in the
example shown 1n FIG. 4. In other words, while the material
of the starting substrate was silicon, the surface was ther-
mally oxidized to form silicon oxide, and in terms of the
teatures of the present invention, the example used silicon
oxide as the substrate. On the other hand, 1n the following
specific examples wherein silicon thin film nsertion was not
performed on the bonding surface, a material other than
silicon oxide was used as the substrate.
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In all of the specific examples below, the substrates were
bonded after performing treatments for both under the same
steps as the bonding surface fabrication process of substrate
E shown 1n FIG. 2. Therefore, the structure of the interface
of the substrate assembly 1s the same structure as the
above-described substrate assembly E. After bonding, the
bonding strength of the substrate assembly was measured by
a blade 1nsertion method which 1s the same as the measure-
ment of bonding strength 1n FIG. 4.

Example: Silicon—=Silicon Nitride

The present example used, as one substrate, a silicon
substrate on which a bonding surface was produced without
undergoing thermal oxidation, and as the other substrate, a
s1licon substrate wherein silicon nitride was formed on the
s1licon substrate surface, and a bonding surface was formed
Therefore, the present example essentially demonstrates the
formation of a bonding surface, bonding, and measurement
results for bonding strength between silicon and silicon
nitride.

As mdicated by NO2 1n FIG. 10, the bonding strength of
the present example was estimated at 2.5 J/m”. In fact, when
inserting a blade between the two substrates 1n a normal
method of blade insertion, the substrates did not separate,
and the silicon substrate was fractured, so the actual bonding
strength of the present example was not measured. However,
the fracture of the silicon substrate shows that a very strong
bonding surface was formed. In other words, the bonding
strength 1n the present example has at least the breaking
strength of bulk silicon. In the drawings, the bonding
strength at this time was estimated by the lowest limit value,
so the breaking strength of bulk silicon, 2.5 J/m®, was
recorded.

The substrate assembly NO1 indicated at the far left of
FIG. 10 1s the same as the substrate assembly shown in FIG.
4, and 1s presented for the purposes of comparison.

Based on the measurements and estimates of the bonding,
strength, the strength of the substrate assembly NO2 1n the
present example was found to be greater than that of
substrate assembly E (NO1 1n FIG. 10), and at least as much
as the bonding strength of a silicon substrate assembly.

Example: Silicon Oxide—-Silicon Nitride

The present example used, as one substrate, a silicon
substrate wherein the silicon substrate surface was thermally
oxidized, then a bonding surface was formed, and as the
other substrate, a silicon substrate wherein a silicon nitride
was formed on the silicon substrate surface, then a bonding
surface was formed. Therefore, the present example essen-
tially demonstrates the formation of a bonding surface,
bonding, and measurement results for bonding strength

between silicon oxide and silicon nitride.
As indicated by NO3 1n FIG. 10, the bonding strength of

the present example was estimated at 2.5 J/m~. As with N02,
the substrates did not separate during blade insertion, as a

result of which the silicon substrate was fractured, so the
estimate was recorded as 2.5 J/m” which is the bonding
interface strength of silicon materals.

Based on the measurements and estimates of the bonding
strength, the strength of the substrate assembly NO03 in the
present example was found to be greater than that of
substrate assembly E (N01 1n FIG. 10), and at least as much
as the bonding strength of a silicon substrate assembly.

Example: Silicon Nitride—Silicon Nitride

In the present example, silicon substrates were used for
both substrates, on each of which silicon nitride was formed
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on the silicon substrate surface, then a bonding surface was
produced. Therefore, the present example essentially dem-
onstrates the formation of a bonding surface, bonding, and
measurement results for bonding strength between silicon
nitride and silicon nitride.

As mdicated by N04 1n FIG. 10, the bonding strength of
the present example was measured as 2.25 J/m*. The silicon

substrate was not fractured during blade nsertion. This 1s a
bonding strength of about 90% of the breaking strength of
bulk silicon (2.5 J/m®).

Based on these measurements of the bonding strength, the
strength of the substrate assembly N04 in the present
example was found to be higher than that of substrate
assembly E (NO01 of FIG. 10).

As shown 1n FIG. 10, the measurement results for bond-
ing strength of substrate assemblies N02, N03 and N04 1n
the above examples were all higher than that of substrate
assembly NO1. This shows that the method of the present
invention 1s capable of obtaining a high bonding strength
independent of the type of substrate.
<Relationship Between Degree of Vacuum when Bonding
and Bonding Strength>

In all of the above examples, the substrates were bonded
in a vacuum after performing the bonding surface fabrica-
tion processes of the present invention. In the following
example, the substrates were bonded at atmospheric pres-
sure after producing bonding surfaces in the same manner as
the above-described example for silicon nitride-silicon
nitride (N04 1n FIG. 10).

The bonding strength of the substrate assembly NO3
produced by bonding at atmospheric pressure was 0.9 J/m”
as shown at the far right of FIG. 10. This 1s a bonding
strength of about 35% with respect to the breaking strength
of bulk silicon (2.5 J/m?). As shown in FIG. 10, the bonding
strength of substrate assembly NOS was lower than the
bonding strength of substrate assembly N04, but higher than
the bonding strengths of substrate assemblies A and B shown
in FIG. 4. Therefore, as a result of these bonding strength
measurements, 1t was found that a sufliciently high bonding
strength can be obtained by using the method of the present
invention, even 1 the pressure at bonding 1s atmospheric
pressure. Furthermore, one would naturally expect that the
bonding strength when the pressure at bonding was lower
than atmospheric pressure to be even greater than that of
bonding assembly NOS.
<Structure of the Apparatus>

At the beginming of the detailed description, an example
ol an apparatus structure for performing surface treatments
and bonding surface fabrication, and bonding substrates
together was described. Herebelow, examples of other appa-
ratus structures will be explained.

An example of an apparatus structure 1s shown in FIG.
15(A). In the present example, a pair of substrates H06a,
HO065 1s arranged so that their bonding surfaces face each
other inside a process chamber H02 that can be set to a
vacuum atmosphere. The energetic particle source HO3
radiates energetic particles HO5 i a horizontal direction
towards the surfaces of the substrates H06a, H065 and the
space between the substrate bonding surfaces, thereby
simultaneously surface-treating the bonding surfaces of the
substrates H06a, H065. In the present example, a bonding
mechanism H13 i1s further provided, enabling the surface-
treated substrates to be brought into contact and bonded
together. Since surface treatments can be performed on a
pair of substrates with a single energetic particle source HO3
and the distance between substrates 1s small, the apparatus
structure 1s simple and economical. Additionally, the sub-
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strates can be bonded immediately after the surface treat-
ment, reducing the chances of impurities adhering again
after the surface treatment.

The apparatus structure for another example 1s shown 1n
FIG. 15(B). In the apparatus structure shown 1n FIG. 15(A),
the substrate surface 1s roughly parallel to the direction of
the energetic particles H05, so there 1s a large diflerence in
the intensity distribution of energetic particles on the sub-
strate surface, and the energetic particle irradiation of the
substrate surface cannot be considered to be uniform. Addi-
tionally, since the distance between substrates 1s small, there
1s a problem of impurities removed from one substrate
surface adhering to the other substrate surface. Therefore, 1n
the apparatus structure shown 1n FIG. 15(B), an energetic
particle source HO03 1s provided for each substrate H06aq,
H065, and the distance between the substrates 1s widened so
that the energetic particles HOS 1rradiate the substrate from
a higher angle. As a result, with the apparatus structure of the
present example, the intensity distribution difference at the
substrate surface of the energetic particles 1s smaller than 1n
the above example. Furthermore, a bonding mechanism H13
may be provided to bring the substrates into contact and
bond them together immediately after the surface treatment.

Another example of an apparatus structure is shown 1n
FIG. 15(C). A single energetic particle source HO03 1s posi-
tioned facing the surface of the substrate H06 inside the
process chamber H02. This energetic particle source HO3 1s
capable of achieving a better intensity distribution of ener-
getic particles than 1n the above examples by radiating
energetic particles HO3 roughly perpendicularly with respect
to the surface of the substrate H06. As the bonding mecha-
nism, a bonding chamber H14 is coupled to the process
chamber H02 without breaking the vacuum, and each time
the surface treatment of a substrate 1s completed 1n the
process chamber H02, 1t 1s conveyed to the bonding chamber
H14, where substrates H06 can be brought into contact and
bonded using a bonding mechanism H13. Since this 1s a
single-water process, more time 1s required from the treat-
ment to bonding than for the above examples.

Another example of an apparatus structure 1s shown 1n
FIG. 16(D). Inside the process chamber H02, the substrates
HO06a, H065 are arranged with their bonding surfaces facing
cach other. A mobile linear energetic particle source HO3 1s
provided between the substrates. For example, as shown in
FIG. 15(A), energetic particles are radiated not from a single
point, but from a linear radiation source, making 1t suitable
for performing surface treatments of wide substrates. In FIG.
16(D), the linear particle source 1s assumed to be 1n the form
of a line that 1s long 1n the direction perpendicular to the
paper surface. The energetic particle source HO3 can be
moved in the direction indicated by the single-dotted chain
line, to scan the substrates H06a, H06b with energetic
particles H05. When the energetic particle source HO3
arrives at the end of one substrate H06a, the linear beam
source HO3 1s inverted to scan energetic particles across
another substrate H06b. According to the structure of this
example, a surface treatment with a uniform energetic
particle intensity can be performed, thereby also making the
thickness of the bonding surface layer uniform. Further-
more, a bonding mechanism H13 may be provided to enable
the substrates to be brought 1nto contact and bonded 1mme-
diately after the surface treatment.

Another example of an apparatus structure is shown 1n
FIG. 6(E). Like the apparatus structure of FIG. 6(D), sub-
strates H06a, H065b are arranged 1nside the process chamber
HO02 so that their bonding surfaces face each other. Further-
more, a mobile linear energetic particle source HO03 1s
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provided between the substrates. However, 1n the apparatus
structure of FIG. 16(D), a mechanism for inverting the linear
beam source HO03 1s needed. The apparatus structure of the
present example does not use such an inverting mechanism,
but 1nstead uses a pair of particle sources. In other words, a
pair of energetic particle sources H03¢c, H03d 1s provided,
and each particle source 1rradiates respective substrates with
energetic particles H05¢c, HO03d. The energetic particle
sources H03¢c, H03d may be moved in the direction indi-
cated by the single-dotted chain line to scan the substrates
H06a, H06b with energetic particles HOS¢c, HO5d. As with
the previous example, due to the structure of the present
example, a surface treatment with uniform energetic particle
intensity can be performed, thereby also making the thick-
ness of the bonding surface layer uniform. Furthermore, a
bonding mechanism H13 may be provided to enable the
substrates to be brought into contact and bonded 1immedi-
ately after the surface treatment. Additionally, the upper and
lower substrates can be simultaneously processed, reducing
the exposure time from surface treatment to bonding com-
pared with the apparatus structure of FIG. 16(D).

Another example of the apparatus structure 1s shown 1n
FIG. 17(F). A linear energetic particle source H0O3 1s immo-
bilized inside the process chamber H02, and the substrate
HO06 1s moved to the right in the drawing, thereby scanning
the energetic particles HOS across the substrate H06. Surface
treatments can further be performed by similarly moving
other substrates H06 to the right in the drawing. One of the
pair of substrates can be inverted so that the bonding
surfaces of the substrates face each other, and they can be
brought into contact and bonded by means of the bonding
mechanism H13. Additionally, surface treatments can be
performed during handling, using means for conveying the
walers to the bonding chamber, for example, a robot, making,
the process more eflicient and simplifying the apparatus.

Another example of an apparatus structure 1s shown 1n
FIG. 17(G). Inside the process chamber H02, a pair of
substrates H06a, H06b5 1s arranged in parallel with the
surfaces to be surface-treated on the outside. The energetic
particle sources H03¢c, H03d are arranged to face the sub-
strates H06a, H065 from the outside of the pair of substrates,
and are immobilized with respect to the process chamber
HO02. Due to the substrates H06a, H065 moving to the right
in the drawing, the substrate H06 1s scanned by energetic
particles HOS to perform the surface treatment. The present
example does not require a mechanism for inverting the
substrates. The substrates whose surface treatments have
been completed are bonded using a bonding mechanism H13
inside a bonding chamber H14.

FI1G. 26 1s a vertical section view of a bonding apparatus
1 (also referred to as 1A) according to a first embodiment of
the present invention. In the drawings, the direction 1s
indicated using an orthogonal XYZ coordinate system for
the sake of convenience.

This bonding apparatus 1 1s an apparatus that activates a
bonding surface of an object to be bonded 91 and a bonding
surface ol an object to be bonded 92 with an atomic beam
or the like mside a chamber (vacuum chamber) 2 under
reduced pressure, to bond together the objects to be bonded
91, 92. According to this apparatus 1, a surface activation
treatment can be performed on the bonding surfaces of both
the objects to be bonded 91, 92, while also enabling solid-
state bonding of the objects to be bonded 91, 92. Various
materials (e.g., semiconductor watlers, etc.) can be used as
the objects to be bonded 91, 92.

The bonding apparatus 1 includes a vacuum chamber 2
which 1s a processing space for the objects to be bonded 91,
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92, and a load-lock chamber 3 coupled to the vacuum
chamber 2. The vacuum chamber 2 1s connected to the
vacuum pump 5 via an exhaust pipe 6 and an exhaust valve
7. By reducing (depressurizing) the pressure inside the
vacuum chamber 2 with an evacuation operation by the
vacuum pump 3, the vacuum chamber 2 1s put into a vacuum
state. Additionally, the exhaust valve 7 1s capable of adjust-
ing the degree of vacuum 1nside the vacuum chamber 2 by
means of an opening/closing action and adjustment of the
exhaust tlow rate.

After the objects to be bonded 91, 92 are held by a
clamping chuck 4c¢ at the tip portion of a feed pipe 4 1nside
the load-lock chamber 3, they are moved inside the vacuum
chamber 2. Specifically, the upper object to be bonded 92 1s
held by the tip portion of a feeding rod 4, then moved 1n the
X direction to a position PG2 directly under the head 22,
then picked up by the head 22. Similarly, the lower object to
be bonded 91 1s held at the tip portion of the feeding rod 4
and moved toward stage 12 in the X direction to position
PG1, then held by the stage 12.

The head 22 and the stage 12 are both provided inside the
vacuum chamber 2.

The head 22 1s moved (translated) 1n the X direction and
the Y direction by an alignment table 23, and rotated in the
0 direction (direction of rotation about the Z axis) by a rotary
drive mechanism 25. The head 22 1s driven by the alignment
table 23 and the rotary drive mechanism 25 based on the
positional detection results or the like from a position
recognition portion 28 to be described below, to perform
alignment 1n the X direction, Y direction and 0 direction.

Additionally, the head 22 1s moved (elevated) in the Z
direction by a Z axis lift drive mechanism 26. The Z axis lift
drive mechanism 26 1s capable of controlling the applied
pressure at the time of bonding based on signals detected by
a pressure detecting sensor which 1s not shown.

Additionally, the stage 12 can be moved (translated) 1n the
X0 direction by a slide movement mechanism 14. The stage
12 1s moved 1n the X direction between a standby position
near the beam 1rradiation portion 11 (around position PG1)
and a bonding position immediately below the head 22
(around position PG2). The slide movement mechanism 14
has a high-precision position detector (linear scale),
whereby the stage 12 can be positioned with high precision.

Additionally, the bonding apparatus 1 includes position
recognition portions 18, 28 for recognizing the positions of
the objects to be bonded 91, 92. The position recognition
portions 18, 28 respectively have imaging portions (cam-
cras) 18b, 285 for acquiring light images of the objects to be
bonded as image data. Additionally, the objects to be bonded
91, 92 are respectively provided with position recognition
marks (hereafter referred to simply as marks). For example,
two position recognition marks may be provided on one
object to be bonded 91, and two position recognition marks
may be provided on the other object to be bonded 92. These
marks preferably have a specific shape. However, the inven-
tion 1s not so limited, and an orientation flat of a water or a
part of the circuit pattern formed on a waler may serve as an
alternative to the position recognition mark.

The positioning actions of the objects to be bonded 91, 92
are performed by the position recognition portions (cameras
etc.) recognizing the positions of marks appended to the
objects to be bonded 91, 92.

For example, the position recognition portion 18 acquires
a light 1image of an object to be bonded 91 present at position
PG1 as image data. Specifically, light emitted from a light
source 18a positioned outside and above the vacuum cham-
ber 2 passes through a window portion 2a of the vacuum
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chamber 2 and reaches the object to be bonded (position
PG1) where 1t 1s reflected. Additionally, the light reflected by
the object to be bonded 91 propagates again through the
window portion 2a of the vacuum chamber 2 and reaches the
imaging portion 18b. In this way, the position recognition
portion 18 acquires a light image of the object to be bonded
91 as image data. Then, the position recognition portion 18
extracts the marks from the image data, recognizes the
positions of the marks, and thereby recognizes the position
of the object to be bonded 91.

Similarly, the position recognition portion 28 acquires a
light 1image of an object to be bonded 92 present at position
PG2 as image data. Specifically, light emitted from light
source 28a positioned outside and below the vacuum cham-
ber 2 passes through a window portion 25 of the vacuum
chamber 2 and reaches the object to be bonded 92 (position
PG2) where it 1s reflected. Additionally, the light reflected by
the object to be bonded 92 (specifically a portion thereof)
propagates again through the window portion 26 of the
vacuum chamber 2 and reaches the imaging portion 285. In
this way, the position recognition portion 28 acquires a light
image ol the object to be bonded 92 as 1mage data. Addi-
tionally, the position recognition portion 28 extracts marks
based on this 1image data, recognizes the positions of these
marks, and thereby recognizes the position of the object to
be bonded 92.

Furthermore, as will be described below, 1n this bonding
apparatus 1, the stage 12 moves 1n the X direction, causing
the object to be bonded 91 to move to position PG2,
transitioning to a state 1n which the objects to be bonded 91,
92 face each other. As shown i FIG. 28, the position
recognition portion 28 can acquire light images of the
objects to be bonded 91, 92 as image data with the objects
to be bonded 91, 92 facing each other. Specifically, the light
emitted from the light source 28a positioned outside and
below the vacuum chamber 2 passes through the window
portion 26 of the vacuum chamber 2 and 1s reflected by the
objects to be bonded 91, 92 (specifically a portion thereot),
then propagates again through the window portion 26 of the
vacuum chamber 2 and reaches the imaging portion 285.
The position recognition portion 28 acquires light 1images
(1mages of the retlected light) of the objects to be bonded 91,
92 obtained in this way, and recognizes the positions of the
marks based on the image data. As the light source 28a, light
(such as infrared light) that 1s transmaitted by both objects to
be bonded 91, 92 and the stage 12 may be used.

Additionally, in this embodiment, as shown in FIG. 28,
the position recognition portion 28 also has other light
sources 28c, 28d4. The position recognition portion 28 1s
capable of recognizing the positions of both objects to be
bonded 91, 92 using image data of transmitted light from the
light sources 28¢, 284 with both objects to be bonded 91, 92
tacing each other. Specifically, the light emitted from the
light sources 28¢, 28d positioned outside and to the side of
the vacuum chamber 2 passes through the window portions
2c, 2d of the vacuum chamber 2, then 1s reflected by mirrors
28¢, 28/ which change the direction of propagation, and
propagates downward. After further passing through the
objects to be bonded 91, 92 (specifically a portion thereot),
the light passes through the window portion 26 and reaches
the imaging portion 28b. The position recognition portion 28
acquires light images (1mages of transmitted light) of both
objects to be bonded 91, 92 obtained 1n this way as image
data and recognizes the positions of the marks based on the
image data.

Thus, the bonding apparatus 1 1s equipped with two types
of 1maging systems, these being an 1maging system using
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reflected light (including light source 28a¢ and an 1imaging
portion 28b) and an 1maging system using transmitted light
(including light sources 28¢, 284 and an imaging portion
28b). The bonding apparatus 1 1s capable of recognizing the
positions of the marks by appropriately switching between
and using these two types of imaging systems as conditions
require.

The positions of the objects to be bonded 91, 92 are
recognized by the position recognition portions 18, 28 in the
above manner. Additionally, based on the recognized posi-
tion 1information, the head 22 1s driven 1n the X direction, Y
direction and/or O direction by the alignment table 23 and
the rotary drive mechanism 25 to move relative to the
objects to be bonded 91, 92 in carrying out the alignment
action. For example, by moving the objects to be bonded 91,
92 microscopically so that the two marks provided on object
to be bonded 91 and the two marks provided on object to be
bonded 92 overlap, the objects to be bonded 91, 92 can be
finely positioned.

Additionally, the bonding apparatus 1 includes three beam
emitting portions 11, 21, 31. In the bonding apparatus 1, the
surface activation process 1s performed using these three
beam emuitting portions 11, 21, 31. As shown 1n FIG. 26, the
beam emitting portions 11 and 21 are provided on a side wall
surface at the far end (+Y side) of the vacuum chamber 2,
and the beam emitting portion 31 1s provided on a side wall
surface at the right side (+X side) of the vacuum chamber 2.
The beam emitting portions 11, 21 and 31 respectively emat
beams of specific substances toward corresponding posi-
tions 1nside the vacuum chamber 2.

More specifically, as shown 1n FIG. 26, the beam emitting
portion 11 1s provided near position PG1 relatively to the left
side (—X side) inside the vacuum chamber, and the beam
emitting portion 21 is positioned near position PG2 rela-
tively to the right side (+X side) inside the vacuum chamber
2.

As shown also by the section view of FIG. 27, the beam
emitting portion 31 1s arranged parallel to the horizontal
plane on the +X side wall surface of the vacuum chamber 2.
As a result, with the object to be bonded 91 held on the stage
12 and the object to be bonded 92 held by the head 22 facing,
cach other at position PG2, the beam emitting portion 31
emits a beam from the side of the space SP across which the
objects 91, 92 oppose each other and toward the opposition
space SP. The beam emitting direction of the beam emitting
portion 31 1s a direction parallel to the X axis.

In this bonding apparatus 1, by emitting specific sub-
stances (such as argon) from the beam emitting portions 11,
21 i a shide arrangement state to be described below, a
surface activation process for activating the bonding sur-
faces of the objects to be bonded 91, 92 1s performed.
Additionally, the bonding apparatus 1 brings the objects to
be bonded 91, 92 which have been subjected to a surface
activation treatment into a proximate opposed state, then
brings them together to bond the objects to be bonded 91, 92.

Additionally, 1n this embodiment, the beam emitting
portion 31 further emits specific substances (such as argon)
alter the objects to be bonded 91, 92 have been put 1nto a
proximate opposed state, thereby also carrying out a surface
activation treatment for activating the bonding surfaces of
the objects to be bonded 91, 92.

Here, the beam emitting portions 11, 21, 31 activate the
bonding surfaces of the objects to be bonded 91, 92 by
accelerating the i1onized specific substance (argon in this
case) with an electric field and emitting the specific sub-
stances toward the bonding surfaces of the objects to be
bonded 91, 92. In other words, the beam emitting portions
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11, 21 and 31 activate the bonding surfaces of the objects to
be bonded 91, 92 by emitting energy waves. Additionally,
the pair of beam emaitting portions 11, 21 and 31 may be
separated by particle beam and metal beam. For example,
the beam emitting portions 11, 21 may emit a neutral atomic
beam (fast atom beam, or FAB) not containing metal par-
ticles, and the beam emitting portion 31 may emit an 10n
beam such as shown in FIG. 29 contaiming large quantities
of metal particles. Additionally, the beam emitting portions
11, 21 may emit ion beams as shown in FIG. 29, 1n which
the amount of metal particles contained therein may be
adjusted as compared with the beam emitting portion 31.

As shown i FIG. 29, a beam emitting portion 31D
includes an anode 51, a cathode 52 and a magnet 54. The
anode 51 and the cathode 52 are electrodes (also called
clectrode members or metal members) composed of respec-
tively appropriate metal materials. For example, the anode
51 1s composed of 1iron (Fe), and the cathode 52 1s composed
of tungsten (W). Additionally, the anode 51 1s horn-shaped
(roughly conical), while the cathode 52 1s filament-shaped
(coil-shaped). Additionally, the main body portion 39 of the
beam emitting portion 31D 1s roughly cylindrical, and has a
concave portion 58 in a front central portion. This concave
portion 58 1s formed as a space surrounded by the horn-
shaped (megaphone-shaped) anode 51. The anode 51 and the
cathode 52 are electrically insulated from each other, the
anode 51 having an anode potential and the cathode 52
having a cathode potential.

In the vicinity of the emission port of the beam emitting,
portion 31D, electrons supplied from the cathode 352 are
trapped by the magnetic field of the magnet 54, and begin
circling 1n the vicinity of the emission port (see the circular
dashed line 1n FIG. 29). Additionally, further supplied argon
1s acted upon by the electrons and 1s present in a plasma
state. Then, argon 1ons 1n a plasma state are accelerated by
an electric field E generated by a voltage applied between
the electrodes 51, 52 (particularly due to the repulsive force
of the anode 31), and move toward the cathode 52, going
past the position of the cathode 52 and being cast outside the
beam emitting portion 31D. At this time, the argon ions
collide with the anode 51 and the cathode 52, sputtering
parts of the anode 51 and the cathode 52. Additionally, the
sputtered metal atoms move toward the bonding surfaces of
the objects to be bonded 91, 92, where they adsorb to and are
deposited on the bonding surfaces.

In the above embodiments, the beam emitting portion
31D was exemplified by one having a relatively compact
anode 51, but the beam emitting portion 31D may be
replaced by a beam emitting portion 31E as shown in FIG.
30. In this beam emitting portion 31E, a roughly conical
anode 51 1s elongated 1n the direction of the cathode 52.
More specifically, the beam emitting portion 31E includes an
anode 31 (51EF) that extends from the end (front end) 59/ of
the aperture side of the main body portion 59 to a forward
(—X side) position. In other words, the anode 51E has a
guide portion S1g protruding forward from the front end
surface 59f of the main body portion 59 of the emitting
portion 31E near the emission port of the beam emitting
portion 31E.

For this reason, the anode S1E of the beam emitting
portion 31E 1s capable of raising the directionality of the
scattering range (irradiation range) of argon and metals
compared to the anode 51 (51D) of the beam emitting
portion 31D. This prevents argon and metals from scattering,
to unwanted parts (portions of the objects to be bonded 91,
92 apart from the bonding surfaces). Additionally, by using
an anode 51E having a gwmde portion 31g, the area of
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collision between the argon i1ons and the anode can be
increased, so that a relatively large amount of metal can be
removed, and the relatively large amount of metal moved in
the direction of the bonding surface. As a result, with the
beam emitting portion 31E, a larger amount of metal atoms
than the beam emitting portion 31D can be efliciently
supplied toward the objects to be bonded 91, 92. In view
thereof, it 1s preferable to use the beam emitting portion 31E
rather than beam emitting portion 31D. Additionally, the
cathode 52 may be provided with an electron emitter (hol-
low cathode) separate from the beam emitting portion. The
clectrons emitted from the cathode also function to make the
irradiated surface i1onically neutral.

Additionally, as shown 1n FIG. 31, the present example
achieved a relatively high bonding strength when the accel-
cration voltage of the energetic particles was 36 or 94 V,
while bonding was not possible at 30 V (bonding strength=0
J/m?).

Several causes may be considered for the reason why the
bonding strength falls so much that bonding 1s not possible
at a certain threshold value. One cause may be that, due to
the 1rradiation conditions, the removal of impurities may not
be suflicient and the amorphization may also be insuificient,
as a result of which the bonding strength between the 1ron
and the substrate may be insuilicient, or the 1ron atoms
contained 1n the surface layer may be susceptible to oxida-
tion, as a result of which the 1ron atoms may oxidize before
bonding and reduce the bonding strength.

Additionally, FIG. 32 shows the results of measurement
of the 1ron 2p spectrum on the surface of a substrate obtained
by re-separating bonded substrates, as 1n the case of the
bonding strength measurement. The substrate surface after
the surface treatment i1s protected from oxidation and re-
adsorption of impurities, thereby mostly retaining the con-
dition after surface treatment. Therefore, the state of the
substrate surface after surface treatment can be known by
studying the state of the substrate surface after separation of
the bonded substrates. FIG. 32 shows the iron 2p spectrum
on the substrate surface after separation of a substrate
assembly when holding the particle source drive conditions
the same but changing two other conditions (C1, C2). The
condition C1 indicates the conditions for providing a high
bonding strength and the condition C2 indicates the condi-
tions for providing a relatively low bonding strength. When
observing the spectral components corresponding to FeO
and Fe,O,, 1t can be observed that the 1ron on the substrate
surface when applying a surface treatment (C2) providing a
relatively low bonding strength 1s oxidized compared to a
surface treatment (C1) providing a high bonding strength.
Therefore, one cause of the decrease in bonding strength can
be considered to be the fact that the iron of the substrate
surface layer 1s oxidized belfore bonding.

Additionally, 1n the embodiments of the present invention,
the bonding process 1s preferably performed at room tem-
perature, but the bonding substrates can also be heated. As
long as the temperature 1s kept low at about 200° C. or less,
there are considerable mernts compared to Conventlonal
thermal bonding. Additionally, the temperature should more
preferably be equal to or less than 183° C. which 1s the
melting point of conventional solder.

While this completes the description of the embodiments,
various modifications are easily possible without departing,
from the spirit of the present invention.

Herebelow, some embodiments will be presented 1n
appendix form.
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(Appendix 1)

A bonding substrate fabrication method for fabricating a
substrate (“bonding substrate”) on which a bonding surface
1s formed, the bonding substrate fabrication method com-
prising;:

a surface treatment step of surface-treating a surface of a
substrate by 1rradiation with radiated particles including
energetic particles; and

a step of forming a silicon thin film on the surface-treated
substrate surface to fabricate the bonding substrate.
(Appendix 2)

The bonding substrate fabrication method according to
appendix 1, further comprising a second surface treatment
step of surface-treating the formed silicon thin film by
irradiation with radiated particles including metal particles
to fabricate the bonding substrate.

(Appendix 3)

The bonding substrate fabrication method according to
appendix 1 or 2, wherein the surface treatment step includes
a process of irradiating the substrate surface with radiated
particles including metal particles.

(Appendix 3C)

The bonding substrate fabrication method according to
appendix 3, wherein a rotary sputtering target comprising a
silicon target surface and a metal particle target surface 1s
used, silicon on the silicon target surface 1s sputtered by
radiated particles to form a silicon thin film on the substrate
surface, and metal particles on the metal particle target
surface are sputtered by radiated particles to wrradiate the
substrate surface with metal particles.

(Appendix d3)

The bonding substrate fabrication method according to
appendix 3, wherein during the surface treatment step, the
process ol 1rradiating the substrate surface with radiated
particles including energetic particles and the process of
irradiating the substrate surface with radiated particles
including metal particles are implemented simultaneously.
(Appendix d4)

The bonding substrate fabrication method according to
appendix 3, wherein during the surface treatment step, after
the process of irradiating the substrate surface with radiated
particles including energetic particles, the process of 1rradi-
ating the substrate surface with radiated particles including
metal particles 1s implemented.

(Appendix d5)

The bonding substrate fabrication method according to
appendix 3, wherein during the surface treatment step, after
the process of irradiating the substrate surface with radiated
particles imncluding energetic particles, the process of 1rradi-
ating the substrate surface with radiated particles including
metal particles 1s 1mplemented at the same time as the
process ol 1rradiating the substrate surface with radiated
particles including the energetic particles.

(Appendix d6)

The bonding substrate fabrication method according to
any one of appendices 1 to dJ3, further comprising a second
surface treatment step ol surface-treating the surface of the
formed silicon thin film by 1rradiation with radiated particles
including energetic particles to fabricate the bonding sub-
strate.

(Appendix d7)

The bonding substrate fabrication method according to
appendix 2, wheremn the second surface treatment step
includes a process of irradiating the silicon thin film surface
with radiated particles including metal particles.
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(Appendix d8)

The bonding substrate fabrication method according to
appendix d7, wherein during the second surface treatment
step, the process of irradiating the silicon thin film surface
with radiated particles including energetic particles and the
process ol 1rradiating the silicon thin film surface with
radiated particles including metal particles are implemented
simultaneously.

(Appendix d9)

The bonding substrate fabrication method according to
appendix d7, wherein during the surface treatment step, after
the process of irradiating the silicon thin film surface with
radiated particles including energetic particles, the process
of 1mrradiating the silicon thin film surface with radiated
particles including metal particles 1s implemented.
(Appendix d10)

The bonding substrate fabrication method according to
appendix d7, wherein during the surface treatment step, after
the process of 1rradiating the silicon thin film surface with
radiated particles including energetic particles, the process
of 1mrradiating the silicon thin film surface with radiated
particles including metal particles 1s 1implemented at the
same time as the process of 1rradiating the silicon thin film
surface with radiated particles including the energetic par-
ticles.

(Appendix 4)

The bonding substrate fabrication method according to
appendix 3, wherein the metal particles are of a transition
metal.

(Appendix 5)

The bonding substrate fabrication method according to
appendix 4, wherein the transition metal 1s 1ron.
(Appendix d14)

The bonding substrate fabrication method according to
appendix 3 or d7, wherein the energetic particles are inert
gas 1ons and/or neutral atoms, and the metal particles are
metal 1ons, metal neutral atoms and/or clusters.

(Appendix d15)

The bonding substrate fabrication method according to
appendix d6, wherein when the second surface treatment
step includes a process of 1rradiating the surface of the
silicon thin film with radiated particles including energetic
particles and a process of irradiating the surface of the
silicon thin film with radiated particles including metal
particles,

the surface layer of the bonding substrate has silicon as a
main component, does not form a metal layer, and has a
metal concentration wherein the metals are dispersed in the
depth direction.

(Appendix d16)

The bonding substrate fabrication method according to
any one of appendices 1 to d15, wherein the formation of the
silicon film 1s implemented by sputter deposition, CVD or
PVD.

(Appendix d17)

The bonding substrate fabrication method according to
appendix 1, wherein the radiated particles including ener-
getic particles are radiated particles substantially consisting
only of the energetic particles.

(Appendix d18)

The bonding substrate fabrication method according to
appendix 3, wherein the radiated particles including metal
particles are radiated particles substantially consisting only
ol metal particles.
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(Appendix 6)

A substrate bonding method comprising:

preparing bonding substrates fabricated by the method
according to any one of appendices 1 to 5; and

bonding the bonding substrates together.

(Appendix 7)

A substrate bonding method comprising:

preparing a bonding substrate fabricated by the method
according to any one of appendices 1 to 5;

preparing a substrate (“M substrate™) to be bonded to the
bonding substrate; and

bonding the bonding substrate to the M substrate.
(Appendix 8)

A bonding substrate according to appendix 5 or 6, wherein
a main material of the substrate 1s silicon, silicon oxide,
silicon nitride, sapphire, aluminum oxide, a ceramic mate-
rial, a dielectric material, a ferroelectric material, or a
polymer material.

(Appendix 9)

A substrate bonding method for bonding substrates, com-
prising:

forming a bonding surface on at least one substrate of a
pair of substrates to be bonded by the method according to
appendices 1 to 5, and

bonding the substrates together 1n a vacuum of at least
10~ Pa or in air.

(Appendix 10)

A bonding substrate fabrication apparatus for fabricating
a substrate (“bonding substrate”) on which a bonding sur-
tace 1s formed, the bonding substrate fabrication apparatus
comprising:

a process chamber;

an energetic particle source disposed 1nside the process
chamber, for surface-treating a surface of the substrate by
irradiation with radiated particles including energetic par-
ticles; and

a silicon source disposed inside the process chamber, for
forming a silicon thin film on the surface-treated substrate
surface.

(Appendix 11)

The bonding substrate fabrication apparatus according to
appendix 10, further comprising a metal particle source
disposed 1nside the process chamber, for surface-treating the
surface of the substrate by 1rradiation with radiated particles
including metal particles.

(Appendix 11C)

The bonding substrate fabrication apparatus according to
appendix 11, wherein the silicon source and the metal
particle source comprise a sputtering target sputtered by
radiated particles form the energetic particle source, the
sputtering target being 1n the shape of a polygonal prism
having multiple surfaces and capable of rotating, at least one
surface being provided with a silicon target and at least one
other surface beign provided with a metal particle target.
(Appendix 12)

The bonding substrate fabrication apparatus according to
appendix 11, wherein the metal particle source comprises a
metal body.

(Appendix d24)
The bonding substrate fabrication apparatus according to

appendix 12, wherein the metal body 1s conical.
(Appendix d235)

The bonding substrate fabrication apparatus according to
appendix 12, wherein the metal body 1s grid-shaped.
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(Appendix 13)

The bonding substrate fabrication apparatus according to
appendix 12, wherein the metal body generates metal radi-
ated particles by sputtering due to radiated particles from the
energetic particle source.

(Appendix 14)

The bonding substrate fabrication apparatus according to
appendix 12 or 13, wherein the metal body 1s movably
arranged.

(Appendix d28)

The bonding substrate fabrication apparatus according to
appendix 14, wherein metal particle radiation from the metal
body to the substrate surface 1s suppressed when the metal
body 1s 1n a retracted position.

(Appendix 135)

The bonding substrate fabrication apparatus according to
any one of appendices 10 to 14, wherein the silicon source
1s a CVD apparatus for forming the silicon thin film.
(Appendix 16)

The bonding substrate fabrication apparatus according to
any one of appendices 10 to 14, wherein the silicon source
1s a PVD apparatus for forming the silicon thin film.
(Appendix 17)

The bonding substrate fabrication apparatus according to
any one of appendices 10 to 16, wherein the energy particle
source comprises a linear 1on source.

(Appendix 18)

A bonding substrate fabrication apparatus for fabricating
a substrate (“bonding substrate”) on which a bonding sur-
face 1s formed, the bonding substrate fabrication apparatus
comprising:

an energetic particle source for radiating radiated particles
including energetic particles;

a silicon source; and

an orientation control device for controlling an orientation
of the energetic particle source;

wherein the orientation control device,

in a surface treatment mode, arranges the energetic par-
ticle source 1n a first orientation to direct radiated particles
from the energetic particle source to the substrate surface;
and

in a silicon thin film forming mode wherein a silicon thin
film 1s formed on the substrate surface, arranges the ener-
getic particle source 1n a second orientation to direct radiated
particles from the energetic particle source to the silicon
source; and

wherein the silicon source, 1n the silicon thin film forming
mode, 1s arranged in an orientation for radiating silicon
particles toward the substrate surface in response to radiated
particles from the energetic particle source.

(Appendix 19)

The bonding substrate fabrication apparatus according to
appendix 18, wherein the orientation control apparatus com-
prises a mechanical component for rotatably supporting the
energetic particle source.

(Appendix 20)

The bonding substrate fabrication apparatus according to
appendix 18 or 19, further comprising a metal particle
source for surface-treating the surface of the substrate by
irradiation of radiated particles including metal particles.
(Appendix 21)

The bonding substrate fabrication apparatus according to

appendix 20, wherein the metal particle source comprises a
metal body.



US 10,166,749 B2

33

(Appendix d36)

The bonding substrate fabrication apparatus according to
any one ol appendices 18 to 20, comprising a carrier for
movably supporting the substrate.

(Appendix 22)

A substrate assembly comprising:

a pair of substrates that are bonded to each other; and

an 1nterface layer having silicon as a main component
formed between the pair of substrates;

the substrate assembly including a metal between the
interface layer and at least one substrate of the pair of
substrates;

wherein the bonding strength between the substrates 1s at
least 0.5 J/m*.

(Appendix d37)

The substrate assembly according to appendix 22,
wherein the bonding strength between the substrates 1s at
least 1.0 J/m”.

(Appendix 23)

The substrate assembly according to appendix 22,
wherein a metal 1s included between the interface layer and
cach of the pair of substrates.

(Appendix 24)

The substrate assembly according to appendix 22 or 23,
wherein the interface layer comprises a metal 1n a central
portion.

(Appendix d38)
The substrate assembly according to appendix 22,

wherein the bonding strength between the substrates 1s at
least 1.0 J/m”.

(Appendix 25)

The substrate assembly according to any one of appen-
dices 22 to 24, wherein each metal 1s a transition metal.
(Appendix 26)

The substrate assembly according to appendix 25,
wherein the transition metal 1s 1ron.

(Appendix 27)

The substrate assembly according to any one of appen-
dices 22 to 26, wherein a metal layer 1s not formed in the
interface layer, and a metal concentration 1s dispersed.
(Appendix d3)

The bonding substrate fabrication method according to
appendix 2, wherein during the surface treatment step, the
process ol 1rradiating the substrate surface with radiated
particles including energetic particles and the process of
irradiating the substrate surface with radiated particles
including metal particles are implemented simultaneously.
(Appendix d4)

The bonding substrate fabrication method according to
appendix 2, wherein during the surface treatment step, after
the process of irradiating the substrate surface with radiated
particles including energetic particles, the process of 1rradi-
ating the substrate surface with radiated particles including
metal particles 1s implemented.

(Appendix d35)

The bonding substrate fabrication method according to
appendix 2, wherein during the surface treatment step, after
the process of irradiating the substrate surface with radiated
particles imncluding energetic particles, the process of 1rradi-
ating the substrate surface with radiated particles including
metal particles 1s 1mplemented at the same time as the
process of irradiating the substrate surface with radiated
particles including the energetic particles.

(Appendix d6)

The bonding substrate fabrication method according to
any one ol appendices 1 to 5, further comprising a second
surface treatment step ol surface-treating the surface of the
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formed silicon thin film by 1rradiation with radiated particles
including energetic particles to fabricate the bonding sub-
strate.

(Appendix d7)

The bonding substrate fabrication method according to
appendix 6, wherein the second surface treatment step
includes a process of irradiating the silicon thin film surface
with radiated particles including metal particles.
(Appendix d8)

The bonding substrate fabrication method according to
appendix 7, wherein during the second surface treatment
step, the process of 1rradiating the silicon thin film surface
with radiated particles including energetic particles and the
process of 1mrradiating the silicon thin film surface with
radiated particles including metal particles are implemented
simultaneously.

(Appendix d9)

The bonding substrate fabrication method according to
appendix 7, wherein during the surface treatment step, after
the process of irradiating the silicon thin film surface with
radiated particles including energetic particles, the process
of 1mrradiating the silicon thin film surface with radiated
particles including metal particles 1s implemented.
(Appendix d10)

The bonding substrate fabrication method according to
appendix 7, wherein during the surface treatment step, after
the process of 1irradiating the silicon thin film surface with
radiated particles including energetic particles, the process
of 1mrradiating the silicon thin film surface with radiated
particles including metal particles 1s implemented at the
same time as the process of 1rradiating the silicon thin film
surface with radiated particles including the energetic par-
ticles.

(Appendix d14)

The bonding substrate fabrication method according to
appendix 2 or 7, wherein the energetic particles are inert gas
ions and/or neutral atoms, and the metal particles are metal
1ons, metal neutral atoms and/or clusters.

(Appendix d13)

The bonding substrate fabrication method according to
appendix 6, wherein when the second surface treatment step
includes a process of 1rradiating the surface of the silicon
thin film with radiated particles including energetic particles
and a process of irradiating the surface of the silicon thin
film with radiated particles including metal particles,

the surface layer of the bonding substrate has silicon as a
main component, does not form a metal layer, and has a
metal concentration wherein the metals are dispersed 1n the
depth direction.

(Appendix d16)

The bonding substrate fabrication method according to

any one of appendices 1 to 135, wherein the formation of the

silicon film 1s implemented by sputter deposition, CVD or
PVD.

(Appendix d17)

The bonding substrate fabrication method according to
appendix 1, wherein the radiated particles including ener-
getic particles are radiated particles substantially consisting
only of the energetic particles.

(Appendix d18)

The bonding substrate fabrication method according to
appendix 2, wherein the radiated particles including metal
particles are radiated particles substantially consisting only
ol metal particles.

(Appendix d24)

The bonding substrate fabrication apparatus according to

appendix 12, wherein the metal body 1s conical.
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(Appendix d25)

The bonding substrate fabrication apparatus according to
appendix 12, wherein the metal body 1s grid-shaped.
(Appendix d28)

The bonding substrate fabrication apparatus according to
appendix 27, wherein metal particle radiation from the metal
body to the substrate surface 1s suppressed when the metal
body 1s 1n a retracted position.

(Appendix d36)

The bonding substrate fabrication apparatus according to
any one ol appendices 18 to 20, comprising a carrier for
movably supporting the substrate.

(Appendix d38)
The substrate assembly according to appendix 22,

wherein the bonding strength between the substrates 1s at
least 1.0 J/m”.

(Appendix d41)
The substrate assembly according to appendix 22,
wherein the bonding strength between the substrates 1s at

least 1.5 J/m>.

The invention claimed 1s:

1. A bonding substrate fabrication method for fabricating
a substrate on which a bonding surface i1s formed, the
bonding substrate fabrication method comprising:

a surface treatment step of surface-treating a surface of a
substrate by irradiation with radiated particles includ-
ing energetic particles within a chamber; and

a step of forming a silicon thin film on the surface-treated
substrate surface to fabricate the bonding substrate by
sputtering a silicon source within the chamber; and

wherein the surface treatment step and the step of forming
the silicon thin film are performed by using the same
energetic particle source, and the energetic particle
source 1s directed toward the substrate surface when the
surface treatment step 1s performed, and the energetic
particle source 1s directed toward the silicon source
when the step of forming the silicon thin film 1s
performed; and

wherein the surface treatment step includes a process of
irradiating the substrate surface with radiated particles
including metal particles.

2. The bonding substrate fabrication method according to
claim 1, further comprising a second surface treatment step
ol surface-treating the formed silicon thin film by irradiation
with radiated particles including energetic particles to fab-
ricate the bonding substrate.

3. The bonding substrate fabrication method according to
claim 1, wherein the metal particles are of a transition metal.

4. The bonding substrate fabrication method according to
claim 3, wherein the transition metal 1s 1ron.

5. A substrate bonding method comprising:

preparing a pair ol bonding substrates, at least one of the
bonding substrates being fabricated by a method com-
prising:

a surface treatment step of surface-treating a surface of
a substrate by irradiation with radiated particles
including energetic particles within a chamber; and

a step ol forming a silicon thin film on the surface-
treated substrate surface to fabricate the bonding
substrate by sputtering a silicon source within the
chamber; and
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bonding the bonding substrates together; and

wherein the surface treatment step and the step of forming
the silicon thin film are performed by using the same
energetic particle source, and the energetic particle
source 1s directed toward the substrate surface when the
surface treatment step 1s performed, and the energetic
particle source 1s directed toward the silicon source
when the step of forming the silicon thin film 1s

performed; and
wherein the surface treatment step includes a process of

irradiating the substrate surface with radiated particles
including metal particles.

6. A substrate bonding method according to claim 5,
wherein a main material of the substrate 1s silicon, silicon
oxide, silicon nitride, sapphire, aluminum oxide, a ceramic
material, a dielectric material, a ferroelectric material, or a
polymer material.

7. A substrate bonding method for bonding substrates,
according to claim 5, wherein the substrates are bonded
together in a vacuum of at least 10> Pa or in air.

8. A substrate bonding method comprising:

preparing a pair of bonding substrates fabricated by a

bonding substrate fabrication method comprising;:

a surface treatment step of surface-treating a surface of
a substrate by irradiation with radiated particles
including energetic particles within a chamber; and

a step of forming a silicon thin film on the surface-
treated substrate surface to fabricate the bonding
substrate by sputtering a silicon source within a
chamber; and

bonding the bonding substrates together; and

wherein the surface treatment step and the step of forming

the silicon thin film are performed by using the same
energetic particle source, and the energetic particle
source 1s directed toward the substrate surface when the
surface treatment step 1s performed, and the energetic
particle source 1s directed toward the silicon source
when the step of forming the silicon thin film 1s
performed; and

wherein the surface treatment step includes a process of

irradiating the substrate surface with radiated particles

including metal particles.

9. A substrate assembly comprising:

a pair ol substrates that are bonded to each other; and

an interface layer having silicon as a main component

formed between the pair of substrates;

the substrate assembly including a metal between the

interface layer and at least one substrate of the pair of

substrates:

wherein the bonding strength between the substrates 1s at

least 0.5 J/m*; and

wherein a metal 1s included between the interface layer

and each of the pair of substrates.

10. The substrate assembly according to claim 9, wherein
the 1nterface layer comprises a metal in a central portion.

11. The substrate assembly according to claim 9, wherein
cach metal 1s a transition metal.

12. The substrate assembly according to claim 11,
wherein the transition metal 1s 1ron.

13. The substrate assembly according to claim 9, wherein
a metal layer 1s not formed 1n the 1interface layer, and a metal
concentration 1s dispersed.
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